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WEDNESDAY 


MARCH  15,  1995 


RED  LION  EAST 


8:30ann 

Opening  Remarks 

Rod  Alferness,  AT&T  Bell  Laboratories,  Chair 

RED  LION  EAST 


8:45am-1  0:1  Sam 

PWA  •  Plenary:  1 

Rod  Alferness,  AT&T  Bell  Laboratories,  Presider 
8:45am  (Plenary) 

PWA1  •  Photonics  beyond  information  transport?  \-\erv/\g  Kogelnik, 
AT&T  Bell  Laboratories.  Photonics  has  rapidly  become  the  domi¬ 
nant  technology  for  the  transmission  of  information  in  the  national 
and  global  infrastructure,  including  undersea,  terrestrial  long-haul, 
CATV  and  local  telephone  access  applications.  Expanding  this  suc¬ 
cess  deeper  into  the  network,  we  are  challenged  by  new  require¬ 
ments  such  as  conforming  to  the  new  ATM  (asynchronous 
transfer-mode)  standards  and  by  new  opportunities  such  as  wave¬ 
length  routing  and  transparent  high-capacity  networking. 

Herwig  Kogelnik  is  Director  of  Photonics  Research  at  AT&T  Bell 
Laboratories.  He  received  the  Dipl.-lng  and  Dr.  techn.  degrees  from 
the  Technical  University  of  Vienna,  and  the  D.phil.  from  Oxford 
University.  He  was  elected  to  the  National  Academy  of  Science  and 
the  National  Academy  of  Engineering.  He  served  as  President  of  the 
Optical  Society  of  America  and  is  an  Honorary  Fellow  of  St.  Peter's 
College  at  the  University  of  Oxford,  (p.  2) 

9:30am  (Plenary) 

PWA2  •  Who  will  be  the  winner,  photonics,  electronics  or 
photoelectronics?  Jetsuhiko  Ikegami,  NTT,  Japan.  Once  'photonic 
switching'  has  been  demonstrated,  the  performance  has  been  taken 
over  by  electronics  in  a  past  decade,  like  the  competition  between 
GaAs  and  Si  in  the  micro-electronics  technologies.  Recently,  bit- 
greedy  telecommunication  services  like  Multimedia  are  coming  up 
and  multi-wavelength  networking,  in  which  multi-wavelength  will 
be  used  for  new  functions,  not  for  a  simple  idea  of  increasing  chan¬ 
nel  capacity,  is  revealing  a  new  horizon  to  'photonic  switching'. 
We  will  discuss  how  to  share  each  role  of  photonics  and  electronics 
in  the  emerging  field. 

Dr.  Ikegami,  Senior  V.P.  of  NTT,  and  a  Senior  Executive  Manager 
of  Science  and  Core  Technology  Labs  and  NTT  Basic  Research  Labs, 
has  performed  pioneering  works  on  semiconductor  lasers  including 
finding  of  resonance-like  phenomenon  which  was  an  essential  prop¬ 
erty  in  directly  modulated  semiconductor  lasers,  reliability  study  on 
the  devices  which  led  the  device  into  undersea  application,  and 
development  of  single  mode  operation  under  the  direct  modulation 
enabling  the  large  capacity  and  long  distance  fiber  transmission  at 
Giga  bit  per  second  range.  He  has  been  heading  the  development 
of  optical  devices  passive  components  like  the  Photonic  Lightwave 
Circuit  as  well  as  active  devices  in  order  to  realize  emerging  photo¬ 
nic  systems  for  Photonic-Through-The-Network.  (p.  3) 

GRAND  BALLROOM  C 


10:1  5am-1  0:30am 

Coffee  Break/Exbibits 


RED  LION  EAST 


1  0:30am-1 1 :1  Sam 

PWB  •  Plenary:  2 

Lars  Thylen,  Royal  Institute  of  Technology,  Sweden,  Presider 

1  0:30am  (Plenary) 

PWB1  •  The  role  of  photonic  switching  in  future  high-capacity 
telecommunication  networks,  Olle  Nillsson,  Ellemtel,  Sweden.  The 
role  of  photonic  switching  in  future  telecommunications  has  been 
the  subject  of  intense  research  and  discussions  ever  since  the  real¬ 
ization  in  the  early  eighties  that  fiber  optics  could  furnish  virtually 
limitless  broadband  transmission.  The  basic  idea  is  that,  eventually, 
one  will  face  an  electronic  bottle  neck  when  it  comes  to  switching 
the  predicted  enormous  bitstreams  and  that  photonic  switching  may 
then  offer  a  solution.  Questions  of  a  fundamental  nature  based  on 
presently  known  physical  limitations  and  some  possible  telecom¬ 
munication  network  demand  scenarios  will  be  raised.  (p.  6) 

RED  LION  EAST 


1 1:15am-12:00m 

PWC  •  Optical  Interconnect 

Tom  Cloonan,  AT&T  Bell  Laboratories,  Presider 

11:1  Sam  (Invited) 

PWC1  •  Optical  interconnection  technology  for  large  computing 
and  switching  systems,  Niloy  K.  Dutta,  AT&T  Bell  Laboratories.  This 
talk  will  focus  on  current  applictions  and  future  directions  of  opti¬ 
cal  interconnection  technology.  This  technology  will  be  initially 
driven  by  applications  in  large  computing  and  switching  systems. 
Advances  in  system  architectures,  subsystem  modules  and  optoelec¬ 
tronic  integrated  circuits  aimed  at  lower  cost  implementation  of  the 
entire  system  are  necessary  to  create  a  wide  application  base  for 
optical  interconnection  technology,  (p.  12) 

11:45am 

PWC2  •  8x8  array  of  optoelectronic  switching  nodes  comprised 
of  flip-chip  solder-bonded  MQW  modulators  on  silicon  CMOS  cir¬ 
cuitry,  A.  L.  Lentine,  K.  W.  Goossen,  J.  A.  Walker,  L,  M.  F.  Chirovsky, 
L.  A.  D'Asaro,  S.  P.  Hui,  B.  T.  Tseng,  R.  E.  Leibenguth,  D.  P.  Kossives, 
D.  W.  Dahringer,  D.  A.  B.  Miller,  AT&T  Bell  Laboratories.  We  de¬ 
scribe  an  array  of  smart  pixels  with  multiple  quantum  well  (MQW) 
modulators  and  detectors  flip-chip  solder-bonded  to  a  silicon  CMOS 
circuit,  individually  operating  at  250  Mb/s.  (p.  13) 

RED  LION  EAST 


1 :30pm-3:00pm 

PWD  •  Transport  Network  Switching  and  Routing:! 

Dan  Blumenthal,  Georgia  Institute  of  Technology,  Presider 

1 :30pm  (Invited) 

PWD1  •  The  RACE  multiwavelength  transport  network  project: 
results  and  conclusions,  Godfrey  Hill,  British  Telecom,  U.K.  The 
RACE  MWTN  project  has  developed  technology  for  wavelength 
routing  networks  and  has  demonstrated  their  feasibility  both  theo¬ 
retically  and  in  a  field  environment,  (p.  18) 


V 


WEDNESDAY 


MARCH  IS,  1995 


2:00pm 

PWD2  •  Telecom  networks  going  photonic:  reconciling  transpar¬ 
ency  with  scalability,  Philip  Dumortier,  Thierry  Van  Landegem, 
Alcatel  Corporate  Research  Center,  Belgium;  Francesco  Masetti, 
Michel  Sotom,  Alcatel  Corporate  Research  Center,  France.  A  simple 
yet  flexible  high-capacity  network  architecture  is  proposed,  featur¬ 
ing  a  reasonable  degree  of  signal  transparency,  while  still  ensuring 
network  scalability,  (p.  21) 

2:15pm 

PWD3  •  OFDM  cross-connect  with  an  embedded  free-space  switch, 
B.  Kuhlow,  G.  Teich,  G.  Waif,  Heinrich-Hertz-lnstitut  fur 
Nachrichtentechnik  GmbH,  Germany.  The  implementation  of  a 
dense  OFDM  cross-connect  consisting  of  a  frequency  conversion 
stage  with  tunable  frequency  selective  receivers  and  a  3D  free-space 
switching  fabric  is  described,  (p.  24) 

2:30pm 

PWD4  •  Free-space  optical  sliding  Banyan  network,  Michael  W. 
Haney,  George  Mason  Univ.;  Marc  P.  Christensen,  James  J.  Levy, 
BDM  Federal,  Inc.  The  smart-pixel-based  3D  sliding  Banyan  archi¬ 
tecture  offers  significant  throughput  advantages  over  electronic  ap¬ 
proaches.  Design  and  experimental  aspects  of  the  network  are 
presented,  (p.  27) 

2:45pm 

PWD5  •  Development  of  a  16  x  16  reconfigurable  holographic 
interconnection  system,  P.  Gravey,  L.  Bonnei,  France  Telecom  CNET 
LAB/RIO/PCO,  France.  We  present  the  design  and  the  realization  of 
a  16x16  two-stage  holographic  interconnection  system  between 
single-mode  fibers  based  on  photothermoplastic  holograms,  includ¬ 
ing  Its  optical  addressing  system.  The  diffraction  efficiency  of  the 
holograms  can  be  higher  than  20%  at  1 .3  pm.  We  demonstrate  an 
accurate  collimation  of  the  beams  issued  from  linear  fiber  arrays 
over  the  distance  necessary  to  the  system  implementation,  (p.  30) 

GRAND  BALLROOM  EAST 

3:00pm--3:30pm 
Coffee  Break/Exbibits 

RED  LION  EAST 

3:30pm-5:30pm 

PWE  •  Wavelength  and  Time  Switching 

Godfrey  Hill,  British  Telecom  Laboratories,  U.K.,  Presider 

3:30pm  (Invited) 

PWE1  •  Wavelength  conversion  devices  and  applications,  B. 

Mikkelson,  Electromagnetics  Inst,  Technical  Univ.  of  Denmark,  Den¬ 
mark.  Applications  and  desired  features  of  wavelength  converters 
are  discussed.  Different  methods  for  wavelength  conversion  are  sur¬ 
veyed  with  emphasis  on  all-optical  wavelength  conversion  by  SOAs. 
(p.  36) 


4:00pm 

PWE2  •  A  photonic  WDM  packet  switch  with  reduced  complexity 
due  to  wavelength  converters,  S.  L.  Danielsen,  B.  Mikkelsen,  C> 
Joergensen,  T.  Durhuus,  K.  E.  Stubkaer,  Technical  Univ.  Denmark, 
Denmark.  The  influence  of  wavelength  converters  on  the  complex¬ 
ity  of  an  optical  WDM  packet  switch  is  analyzed.  Based  on  mea¬ 
sured  data,  power  penalties  for  a  16  x  16  switch  using  4  or  8 
wavelengths  are  calculated,  (p.  39) 

4:1  5pm 

PWE3  •  Multichannel  optical  filters  using  birefringent  planar  opti¬ 
cal  platforms,  Katsuhiko  Hirabayashi,  Masayasu  Yamaguchi,  NTT 
Network  Service  Systems  Laboratories,  Japan.  We  propose  a  novel 
multichannel  filter  possible  to  select  arbitrary  several  wavelengths 
with  arbitrary  transmittance  simultaneously.  We  show  a  seven-chan¬ 
nel  filter  module  with  1-nm  channel  spacing,  (p.  42) 

4:30pm 

PWE4  •  Optical  TDM  systems,  Kristin  Rauschenbach,  Katie  Hall, 
John  Moores,  Steve  Finn,  Rick  Barry,  MIT  Lincoln  Laboratory;  Will¬ 
iam  Wong,  Hermann  Haus,  Eric  Ippen,  MIT;  Mark  Haner,  AT&T  Bell 
Laboratories.  We  present  recent  developments  in  technologies  for 
ultra-high-bit-rate  time-division-multiplexed  systems,  including  net¬ 
work  architecture,  high-speed  sources,  optical  switches,  clock  re¬ 
covery,  and  memory,  (p.  45) 

5:00pm  (Invited) 

PWE5  •  All-optical  self-routing  switch  using  a  nonlinear  InGaAs/ 
InAIAs  MQW  waveguide,  Tatsuo  Kanetake,  S.  Tanaka,  H.  Inoue, 
Hitachi  Ltd.,  Japan.  All-optical  switching  is  demonstrated  in  the 
Mach-Zenhder  interferometer  with  a  nonlinear  InGaAs/lnAlAs  MQW 
waveguide  designed  for  1 .55  pm  toward  self-routing  operation,  (p. 
47) 

GRAND  BALLROOM  C _ 

6:30pm-8:00pm 
Conference  Reception 


vi 


THURSDAY 


MARCH  16,  1995 


RED  LION  EAST 


8:30am-1  0:00am 

PThA  •  Packet-Switched  Photonic  Networks:  1 

T.  Yasui,  Mitsubishi  Electric  Corp.,  Japan,  Presider 

8:30am  (Invited) 

PThAI  •  Photonic  ATM  switching  for  broadband  network  services, 

Tohru  Matsunaga,  Koji  Sasayama,  Yoshiaki  Yamada,  Kelshi  Habara, 
Ken-ichi  Yukimatsu,  NTT,  Japan.  After  briefly  reviewing  recent  pho¬ 
tonic  ATM  switching  research,  NTT's  frequency  division  multiplex¬ 
ing-based  ATM  switches  will  be  described  with  some  experimental 
results,  (p.  52) 

9:00am 

PThA2  •  Experiment  on  photonic  ATM  switches  with  WDM  out¬ 
put  buffers,  Akira  Misawa,  Masato  Tsukada,  NTT  Network  Service 
Systems  Laboratories,  Japan.  We  propose  photonic  ATM  switches 
with  WDM  output  buffers  made  of  fiber-delay  lines  and  experimen¬ 
tally  demonstrated  two-wavelength-division-multiplexed  cell  switch¬ 
ing  at  10  Gbit/s.  (p.  55) 

9:1  Sam 

PThA3  •  Ultrafast  photonic  packet  switching  with  optically  pro¬ 
cessed  control,  I.  Glesk,  P.  R.  Prucnal,  Princeton  Univ.;  Baolin  Wang, 
Siemens  Corporate  Research.  We  report  the  first  demonstration,  to 
our  knowledge,  of  all-optical  address  recognition  and  self-routing 
of  photonic  packets  for  a  case  of  two-bit  addressing.  The  packet  bit 
period  is  only  4  picoseconds.  The  packet-switching  bit  error  rate 
was  measured  to  be  less  than  1 0"^.  (p.  58) 

9:30am 

PThA4  •  Gigahertz  clock  synchronization  using  a  nonlinear  opti¬ 
cal  loop  mirror  as  an  all-optical  phase  comparator,  K.  L.  Hall,  K.  A. 
Rauschenbach,  E.  A.  Swanson,  S.  R.  Chinn,  MIT  Lincoln  Labora¬ 
tory;  G.  Raybon,  AT&T  Bell  Laboratories.  A  10  GHz  and  a  40  GHz 
optical  pulse  stream  are  synchronized  using  a  nonlinear  optical  loop 
mirror  as  the  phase  comparator  in  a  phase-lock  loop.  (p.  61) 

9:45am 

PThAS  •  Optical  cell  synchronizer  for  packet-switched  nodes,  M. 
Burzio,  P.  Cinato,  R.  Finotti,  P.  Gambini,  M.  Puleo,  E.  Vezzoni,  L, 
Zucchelli,  Centro  Studi  E.  Laboratori  Telecomunicazioni,  Italy.  Op¬ 
tical  synchronization  of  cells  in  high-speed  packet-switched  nodes 
is  discussed  and  an  experimental  system  based  on  switchable  delay 
lines  and  fiber-chromatic  dispersion  is  demonstrated,  (p.  64) 

GRAND  BALLROOM  C 

1  0:00am-1  0:30am 
Coffee  Break/Exhibits 

RED  LION  EAST 

1  0:30am-1  2:00m 

PThB  •  Operation  of  Photonic  Networks 

Charles  Brackett,  Bellcore,  Presider 

1  0:30am  (Invited) 

PThBI  •  Management  of  optical  networks.  Sonny  Johansson, 
EllemtelAB,  Sweden.  Before  introducing  a  new  optical  network  layer, 
the  management  aspects  should  be  solved.  Experience  Is  gained  by 
implementing  such  a  demonstration  system  in  RACE-MWTN. 

(p.  68) 


1 1 :00am 

PThB2  •  Proposal  and  implementation  scheme  of  an  optical  net¬ 
work  management  system,  Tatsuya  Shiragaki,  Naoya  Henmi, 
Masahiko  Fujiwara,  NEC  Corp.,  Japan.  An  optical  network  manage¬ 
ment  system,  with  newly  defined  optical  paths  and  optical  sections, 
and  its  implementation  scheme  utilizing  wavelength-division-mul¬ 
tiplexing  are  proposed.  The  optical-loss-budget  consideration  con¬ 
firms  the  application  feasibility,  (p.  70) 

11:15am 

PThB3  •  Optical  cross-connect  architecture  incorporating  failure 
recovery  using  reserved  wavelengths,  S.  Kuroyanagi,  K.  Hironishi, 
T.  Maeda,  Fujitsu  Laboratories,  Ltd.,  Japan.  This  paper  proposes  an 
optical  cross-connect  architecture  that  provides  failure  recovery 
based  on  reserved  wavelengths  and  consists  of  a  routing  block  and 
a  bypass  block,  (p.  73) 

1 1 :30am  (Invited) 

PThB4  •  Wavelength  stabilization  as  a  practical  standard  light 
source  for  WDM  systems  at  1,55  micrometer,  Yoshihiko  Tachikawa, 
Yasuyuki  Suzuki,  MamoruArihara,  Takeshi  Inoue,  Shinichi  Nakajima, 
Takaaki  Hirata,  Yokogawa  Electric  Corp.,  Japan;  lun  Ishikawa,  Na¬ 
tional  Research  Laboratory  of  Metrology,  Japan.  We  developed  a 
compact  wavelength  stabilized  light  source  in  1.55  pm  with  the 
wavelength  controlled  to  the  bottom  of  the  HCN  gas  absorption 
line.  We  discuss  the  wavelength  stabilization  method  and  the  pre¬ 
cision  wavelength  calibration  method,  (p.  76) 

1  2:00m-1 :30pm 
Lunch  on  Own 

RED  LION  EAST _ 

1 :30pm-3:00pm 

PThC  •  Packet-Switched  Photonic  Networks:  2 

Robert  Leheny,  ARPA,  Presider 

1 :30pm  (Invited) 

PThCI  •  Photonics  and  ATM  switching,  Jacques  Dupraz,  Alcatel, 
France.  ATM  in  switching  and  optics  in  transmission  are  the  key 
technologies  of  future  broadband  networks.  This  paper  discusses 
the  problems  associated  with  the  introduction  of  photonics  in  ATM 
switching  from  a  technical  viewpoint,  (p.  80) 

2:00pm 

PThC2  •  Photonic  switching  of  optical  interconnects  in  large 
telecom  nodes,  Magnus  Buhrgard,  Ellemtel  Telecommunication  Sys¬ 
tems  Laboratories,  Sweden.  Photonic  switching  of  optical  intercon¬ 
nects  can  make  future  broadband  telecom  nodes  more  efficient  and 
flexible.  Switch  designs  using  photonic  switching  are  presented. 

(p.  81) 

2:1  5pm 

PThC3  •  Novel  photonic  architecture  for  high-capacity  ATM  switch¬ 
ing  applications,  D.  Chiaroni,  Alcatel  CIT,  France;  C.  Chauzat  D. 
De  Bouard,  S.  Gurib,  M.  Sotom,  J.-M.  Gabriagues,  Alcatel  Alsthom 
Recherche,  France.  A  novel  photonic  ATM  switching  architecture 
based  on  broadcast-and-select  principle  is  presented.  First  results  of 
experimental  feasibility  assessment  at  2.5  Gbit/s  are  reported. 

(p.  84) 
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2:30pni 

PTbC4  •  Fanout^  replication,  and  buffer  sizing  for  a  class  of  seif- 
routing packet‘Switcbed  multistage  photonic  switch  fabrics,  Ashok 
V.  Krishnamoorthy,  AT&T  Bell  Laboratories;  Fouad  E.  Kiamilev,  Univ. 
North  CaroUna-Charlotte.  We  investigate  performance-cost  tradeoffs 
for  a  new  class  of  self-routing,  packet-switched  multistage  intercon¬ 
nection  networks.  We  discuss  the  implications  for  a  smart-pixel  photo¬ 
nic  switch  implementation,  (p.  87) 

2:45pm 

PThC5  •  Efficient  signal  distinction  scheme  for  large-scale  free- 
space  optical  networks  using  genetic  algorithms,  Ahmed  Louri, 
Hongki  Sung,  Yoonkeon  Moon,  Bernard  P.  Zeigler,  Univ.  Arizona. 
We  present  a  novel  incoming  signal  distinction  scheme  for  large- 
scale  free-space  optical  interconnection  networks.  The  scheme  sig¬ 
nificantly  reduces  the  number  of  detectors  per  node.  (p.  90) 

GRAND  BALLROOM  C 

3:00pm-3:30pm 
Coffee  Break/Exhibits 

RED  LION  EAST 

3:30pm--5:00pm 

PThD  •  Optoelectronic  Devices  for  Photonic  Switching 

H.  Venghaus,  Heinrich  Hertz  Institute,  Germany,  Presider 

3:30pm  (Invited) 

PThDI  •  Semiconductor guided-wave switching,  J.  E.  Zucker,  AT&T 
Bell  Laboratories.  Recently  a  systems  pull  from  new  fiber-optic  net¬ 
works  has  spurred  development  of  custom  semiconductor  switches 
using  novel  materials,  fabrication  methods,  and  sophisticated  opti¬ 
cal  design  tools,  (p.  94) 

4:00pm 

PThD2  •  Transmission  experiments  on  fully  packaged  4x4  semi¬ 
conductor  optical  amplifier  gate-switch  matrix,  Claus  Popp  Larsen, 
Wim  van  Berio,  Jan-Erik  Falk,  Lars  Gillner,  Mats  Gustavsson,  Ericsson 
Components  AB,  Sweden;  Erland  Almstrom,  Ellemtel  AB,  Sweden; 
Fransesco  Testa,  Ericsson  Telecommunicazione  S.p.A.,  Italy.  Prom¬ 
ising  results  regarding  cascaded  paths  and  WDM  transmission  for 
fully  packaged  4x4  switches  are  reported.  Dynamic  ranges  and 
polarization  dependence  are  determined  for  a  BER  optimized  de¬ 
vice.  (p.  95) 


4:1  5pm 

PThD3  •  Low-voltage  electroabsorption  in  InGaAsP/lnP  MQW 
electron  transfer  structures,  Ulf  Olln,  Institute  of  Optical  Research, 
Sweden;  Dana  Varga,  Krister  Frojdh,  Johan  Wallin,  Gunnar  Landgren, 
Royal  Institute  of  Technology,  Sweden.  We  demonstrate  experimen¬ 
tally  an  enhancement  of  the  electroabsorption  in  InGaAsP/lnP  bar¬ 
rier  reservor  and  quantum  well  electron  transfer  structures  with 
multiple  quantum  wells  (MQWs)  per  period,  (p.  98) 

4:30pm 

PThD4  •  Vertical-cavity  x-modulators,  J.  A.  Trezza,  J.  S.  Powell,  M. 
Morf,  J.  S.  Harris,  Jr.,  Stanford  Univ.  Experimentally  and  theoreti¬ 
cally,  a  vertical-cavity  photon-conserving  reversible  optoelectronic 
intensity  modulator  that  simultaneously  and  bidirectionally  switches 
reflectivity  and  transmission  is  displayed  and  analyzed,  (p.  101) 

4:45pm 

PTbDS  •  BER  studies  of  diode-clamped  FET-SEED  receivers,  T.  K. 

Woodward,  A.  L.  Lentine,  L.  M.  F.  Chirovsky,  AT&T  Bell  Laborato¬ 
ries.  The  bit  error  rate  (BER)  performance  of  diode-clamped  FET- 
SEED  optical  receivers  with  electrical  output  is  reported.  The  digital 
nature  of  the  receiver  is  confirmed  and  operation  to  1  Gbit/s  is  ob¬ 
tained.  (p.  104) 

RED  LION  EAST 


7:30pm-9:00pm 

Postdeadline  Session 

Lars  Thylen,  Royal  Institute  of  Technology,  Sweden,  Presider 
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RED  LION  EAST _  _ 

8:30am-1  0:00am 

PFA  •  Transport  Network  Switching  and  Routing:  2 

S.  Johansson,  Ellemtel,  Sweden,  Presider 

8:30am 

PFA1  •  Review  of  ARPA-sponsored  WDM  networking  projects, 

Charles  A.  Brackett,  Bellcore.  The  concepts  and  progress  of  current 
ARPA-sponsored  WDM  networking  projects  will  be  reviewed,  with 
emphasis  on  what  has  been  learned  and  where  new  challenges  lie. 

(p.  108) 

9:00am 

PFA2  *  Comparison  of  coherent  cross-talk-induced  BER  floors  in 
four  types  of  N  x  N  space  photonic  switches,  D.  J.  Blumenthal, 
Georgia  Institute  of  Technology;  P.  Granestrand,  Ericsson  Compo¬ 
nents,  AB,  Sweden;  L.  Thylen,  Royal  Institute  of  Technology,  Swe¬ 
den.  The  coherent  cross  talk  properties  of  four  photonic-switch 
structures,  active-passive,  passive-active,  active-split/active-com¬ 
bine,  and  gated-amplifler,  are  analyzed  and  the  size-dependent  cross 
talk  bounds  for  low  bit  error  rate  (BER)  operation  is  derived.  It  is 
shown  that  this  type  of  cross  talk  causes  BER  floors  once  critical 
size-dependent  cross  talk  levels  have  been  exceeded,  (p.  109) 

9:1  Sam 

PFA3  •  Duality  between  space,  time,  and  wavelength  in  all-optical 
networks,  Hisashi  Kobayashi,  Princeton  Univ.;  Ivan  P.  Kaminow, 
AT&T  Bell  Laboratories.  We  exploit  duality  between  space,  time, 
and  wavelength  in  multiplexed  optical  signals,  and  derive  new  op¬ 
tical  routers  and  switches  with  nonblocking  or  rearrangeably 
nonblocking  properties,  (p.  112) 

9:30am 

PFA4  •  Mechanical  optical  fiber  cross  connect,  Sven  Sjolinder, 
Ericsson  Cables  AB,  Sweden.  A  mechanical  fiber-optic  switch  with 
N  X  M  matrix  and  loss  <1.7  dB  has  been  developed.  2700  switch 
operations  are  demonstrated  without  cleaning  of  ferrules,  (p.  115) 

9:45am 

PFA5  •  Thermal  considerations  in  the  design  of  optoelectronic 
device  mounts,  D.  B.  Buchholz,  A.  L.  Lentine,  R.  A.  Novotny,  AT&T 
Bell  Laboratories.  The  temperature  variation  across  a  FET-SEED  is 
modeled  and  compared  with  experimental  measurements.  The  ef¬ 
fect  of  chip-mount  design  is  also  discussed,  (p.  118) 

FOYER 

1 0:00am-1  0:30am 
Coffee  Break 

RED  LION  EAST 


1 1 :00am 

PFB2  •  Evolution  of  fiber  arrays  for  free-space  interconnect  appli¬ 
cations,  Nagesh  Basavanhally,  Richard  Borutta,  Randall  Crisci, 
Casimir  Nijander,  Laurence  Watkins,  AT&T  Bell  Laboratories.  Fiber 
arrays  are  used  In  free-space  interconnect  systems  for  bringing  in 
and  taking  out  optical  signals  from  the  computing  or  switching  en¬ 
vironment.  We  discuss  the  optomechanical  challenges  in  fabrica¬ 
tion  of  2D  fiber-input  array,  and  alignment  and  attachment  of 
microlens  arrays  to  fiber  bundle,  (p.  124) 

11:15am 

PFB3  •  Optical  beam  routing  through  time-domain  spatial-spec¬ 
tral  fdtering,\N.  R.  Babbitt,  Univ.  Washington;!.  W.  Mossberg,  Univ. 
Oregon.  It  is  proposed  to  use  spatial-spectral  gratings  to  route  high- 
bandwidth  data  according  to  addresses  encoded  in  the  temporal 
waveform  of  each  routed  bit.  (p.  129) 

1 1 :30am 

PFB4  •  Multifunctional  surface-emitting  laser-based  integrated 
photonic/optoelectronic  switch  for  parallel  high-speed  optical  in¬ 
terconnects,].  C.  Lu,  Julian  Cheng,  Univ.  New Mexico;Y.  C.  Zolper, 
J.  Klem,  Sandia  National  Laboratories.  We  describe  a  multifunc¬ 
tional  optical/optoelectronic  switch  that  can  convert  data  between 
various  combinations  of  electrical  and  optical  input/output  formats 
at  350-500  Mbit/s.  (p.  132) 

11:45am 

PFB5  •  High-speed  2D  CMOS  designs  of  bypass-and-exchange 
switch  arrays  for  free-space  optoelectronic  MINs,  Osman  Kibar, 
Philippe  J.  Marchand,  Sadik  C.  Esener,  UC-San  Diego.  We  present 
two  CMOS  designs  of  bidirectional  switches  suitable  for  free-space 
optoelectronic  MINs.  The  second  design  is  a  novel  self-routing  con¬ 
cept  that  uses  three-level  logic,  (p.  135) 

12:00m 

PFB6  •  Gigabit  per  second  switching  of  smart-pixel  receiver-trans¬ 
mitter  pairs,  G.  Livescu,  L.  M.  F.  Chirovsky,  T.  Mullally,  AT&T  Bell 
Laboratories;  Arza  Ron,  Technion,  Israel.  We  use  trains  of  1 .5  pico¬ 
second  mode-locked  laser  pulses  spaced  1  nanosecond  apart  to 
transmit  Gbit/s  data  patterns  through  GaAs/AlGaAs  smart-pixel  re¬ 
ceiver-transmitter  pairs,  (p.  138) 

1  2:1  5pm 

PFB7  •  Distributed  forward-  and  backward-coupling  laser — novel 
laser  diode  for  wide-wavelength  tuning,  Kenji  Sato,  Yoshiaki 
Nakano,  Kunio  Tada,  Univ.  Tokyo,  Japan.  Another  type  of  laser  di¬ 
ode  for  wide-wavelength  tuning  is  proposed  and  analyzed.  Over 
40-nm  tuning  around  1 .55-pm  is  obtainable  by  changing  only  one 
control  current.  (p.141) 


1  0:30am-1  2:30pm 

PFB  •  Photonic  Network  Components 

T.  Ozeki,  Sophia  University,  Japan,  Presider 

10:30am  (Invited) 

PFB1  •  Recent  advances  in  planar  lightwave  functional  devices, 
Kaname  Jinguji,  K.  Takiguchi,  M.  Kawachi,  NTT,  Japan.  Abstract  not 
available  at  time  of  printing,  (p.  1 22) 
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Rod  Alferness,  Presider 
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Photonics  Beyond  Information  Transport? 

Herwig  Kogelnik 
AT&T  Bell  Laboratories 
Holmdel,  NJ  07733 


Photonics  has  rapidly  become  the  dominant  technology  for  the 
transmission  of  information  in  the  national  and  global  infrastructure, 
including  undersea,  terrestrial  long-haul,  CATV  and  local  telephone 
access  applications.  Expanding  this  success  deeper  into  the  network, 
we  are  challenged  by  new  requirements  such  as  conforming  to  the 
new  ATM  (asynchronous  transfer-mode)  standards  and  by  new 
opportunities  such  as  wavelength  routing  and  transparent  high- 
capacity  networking. 
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Who  will  be  the  winner,  photonics,  electronics  or  photo-electronics? 


Tetsuhiko  Ikegami 

Nippon  Telephone  and  Telegraph  Co. 

NTT  Science  and  Core  Technology  Laboratory  Group 
Morinosato,  Atsugi-shi,  Kanagawa,  243-01,  Japan 


Once  'photonic  switching’  has  been  demonstrated,  the  performance  has  been  taken  over  by 
electronics  in  a  past  decade,  like  the  competition  between  GaAs  and  Si  in  the  micro¬ 
electronics  technologies.  Recently,  bit  greedy  telecommunication  services  like  Multimedia 
are  coming  up  and  multi-wavelength  networking,  in  which  multi-wavelength  will  be  used  for 
new  functions,  not  for  a  simple  idea  of  increasing  channel  capacity,  is  revealing  a  new 
horizon  to  'photonic  switching’.  We  will  discuss  how  to  share  each  role  of  photonics  and 
electronics  in  the  emerging  field. 
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PWB  1 0:30  ann-1 1:15  am 
Red  Lion  East 


Lars  Thylen,  Presider 

Royal  Institute  of  Technology,  Sweden 
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The  role  of  photonic  switching  in  future  high  capacity 
telecommunication  networks 

Olle  Nilsson 

Ellemtel  AB,  S-12525  Alvsjo,  Sweden 


1.  The  purpose  of  the  talk 

The  role  of  photonic  switching  in  future  telecommunications  has  been  the  subject  of 
intense  research  and  discussions  ever  since  the  realisation  in  the  early  eighties  that 
fiber  optics  could  furnish  virtually  limitless  broadband  transmission.  The  basic  idea  is 
that,  eventually,  one  will  face  an  electronic  bottle  neck  when  it  comes  to  switching 
the  predicted  enormous  bitstreams  and  that  photonic  switching  may  then  offer  a 
solution. 

Rather  than  trying  to  come  up  with  definite  answers  in  these  matters  I  will  raise  some 
questions  of  a  fundamental  nature  based  on  presently  known  physical  limitations  and 
some  possible  telecommunication  network  demand  scenarios,  say,  ten  years  from 
now. 

2.  Scenario 

The  discussion  will  be  based  on  a  scenario  where  every  subscriber  has  access  to  a 
basic  bi-directional  channel  capacity  of  order  100  Mbit/s.  This  will  probably  be 
enough  for  video  transmission  with  the  resolution  of  the  human  eye  i.  e.  some  4000 
times  3000  pixels  depending  on  the  viewing  angle.  It  is  furthermore  assumed  that  the 
number  of  subscribers  is  about  the  same  as  the  present  number  of  ordinaty  telephone 
subscribers.  Two  "networks"  are  considered;  one  with  ten  million  subscribers 
corresponding  to  a  small  country  and  one  global  with  one  billion  subscribers. 

3.  Estimate  of  trunk  transmission  costs 

Say  that  all  subscribers  should  be  able  to  simultaneously  occupy  one  100  Mbit/s 
channel  of  length  500  km  each.  This  means  that  of  order  5- 10^  times  10^  =  5- 10 
meters  of  100  Mbit/s  channels  have  to  be  installed.  It  is  to  be  understood  here  and  in 
the  following  that  we  are  only  making  rough  estimates.  Since  100  Gbit/s  can  be 
transmitted  in  one  fiber,  a  cable  containing  100  fibers  can  be  used  to  transmit  10^ 
channels  of  100  Mbit/s  each.  Thus  5- 10^  cable  meters  are  needed.  The  present  cost 
per  meter  of  such  cable  is  about  $  15  in  installation  and  $  15  in  manufacturing,  i.e.  $ 
30/m  totally.  Therefore  the  total  cost  per  subscriber  would  be  of  order  $  150  only. 
There  are  good  reasons  to  believe  that  the  costs  for  repeaters  could  be  kept  in  the 
same  order  of  magnitude:  Assuming  conservatively  a  repeater  every  50  to  and  that 
each  repeater  handles  one  10  Gbit/s  channel,  i.e.  100  subscriber  channels,  one  would 
need  10^  such  repeaters  or  one  per  every  ten  subscriber.  In  mass  production  using 
integrated  technology  a  cost  of  $  1500  should  be  possible  even  if  the  costs  today  is 
some  ten  times  higher.  The  conclusion  is  therefore  that  the  trunk  transmission  costs 
will  be  very  low,  of  order  $  300  per  subscriber,  and  that  they  will  be  insignificant 
compared  to  the  costs  of  the  local  network  and  the  subscriber  terminals.  The  costs  of 
the  local  network  will  be  relatively  high  independent  of  bitrates  simply  because  each 
subscriber  needs  a  physical  connection.  Thus  there  seems  to  be  limited  economic 
room  for  measures  to  increase  the  utilisation  efficiency  of  a  given  transport  network 
rather  than  to  simply  add  basic  hardware  capacity.  This  is  a  new  situation  in  the 
history  of  telecommunications  and  might  limit  the  future  market  for  sophisticated 
rerouting  and  maintenance  equipment  except  in  the  local  networks  and  perhaps  also 
in  the  transcontinental  and  intercontinental  networks. 

Even  in  the  somewhat  unrealistic  global  scenario  with  one  billion  subscribers  making 
calls  over  average  distances  of  5000  to  the  cost  per  subscriber  for  the  trunk  network 
would  only  increase  by  a  factor  of  order  ten  and  would  still  be  moderate. 
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4.  Switching 

When  it  comes  to  switching  capacity  requirements  it  is  more  difficult  to  make  even 
order  of  magnitude  estimates  since  there  are  uncertainties  in  both  switching 
architecture  and  hardware  possibilities.  However,  to  get  some  idea  of  the  problem  one 
may,  as  a  thought  experiment,  consider  the  total  network  as  one  large  switch  and 
apply  classical  switching  theory  to  calculate  the  necessary  number  of  switch  elements, 
i.e.  gates,  in  different  known  configurations. 

Thus  with  N  =  10”^  one  finds  that  a  non  blocking  switch  of  crossbar  type  requires 
about  10^  gates  per  subscriber.  This  may  not  seem  prohibitive  but  one  must  remember 
that  the  power  consumption  per  gate  at  100  Mbit/s  is  about  0.1  mW  with  present  day 
technology  leading  to  a  power  consumption  of  1  kW  per  subscriber.  Even  if  future 
technology  may  well  reduce  the  power  consumption  by  a  factor  of  hundred  such  a 
switching  architecture  does  not  seem  realistic. 

Employing  well  known  architectures  for  very  low  blocking  probability,  on  the  other 
hand,  the  number  of  gates  per  subscriber  required  is  proportional  to  ^logN  rather  than 
N  and  both  the  number  of  gates  and  the  power  consumption  per  subscriW  become 
insignificant  even  if  the  proportionality  constant  is  taken  as  large  as  1000  and  if  the 
global  scenario  with  one  billion  subscribers  is  considered.  (Feasibility  studies  of  full 
ATM  interleaved  Banyan  type  electronic  switching  systems  of  more  than  1  Tbit/s 
throughput  have  already  been  made  with  positive  results.  Here  optical  interconnects 
between  subunits  are  assumed  to  be  used). 

There  are  other  problems,  however.  Even  if  a  large  switch  may  be  strictly  non 
blocking  or  have  a  very  low  blocking  probability  the  amount  of  computation  to  find  a 
free  path  may  become  excessive,  especially  if  the  load  approaches  the  theoretical 
capacity.  It  is  therefore  probably  essential  that  the  huge  switches  considered  here  can 
be  subdivided  into  a  fairly  large  number  of  independent  switching  nodes  at  different 
geographical  locations  each  of  which  loaded  well  below  capacity  even  at  peak  traffic. 
To  my  knowledge  it  is  not  known  with  certainty  if  such  an  architecture  can  be 
realised  keeping  the  N  ^logN  proportionality  of  the  total  gate  count  but  it  seems 
likely.  If  so  an  attractive  solution  might  be  to  build  a  simple  but  very  high  capacity 
network  of  a  self  routing  type  relying  on  the  subscriber  terminals  to  define  the  paths 
on  the  "road  map"  of  the  network  and  having  very  limited  central  intelligence  and 
control.  Some  possible  features  of  such  a  network  are  discussed  in  section  6  below. 

5.  Photonic  versus  electronic  switching 

There  is  no  indication  that  the  networks  considered  above  cannot  be  realised  by  use  of 
electronic  switching  in  combination  with  optical  transmission  and  interconnects.  A 
cost  effective  approach  is  probably  to  use  standardised  switching  modules  in  form  of 
chips  or  wafers  with  only  a  few  high  speed  external  connections  each  handling  of 
order  one  hundred  100  Mbit/s  channels.  This  would  require  10  Gbit/s  inte^ated 
electronics  that  is  already  within  present  state  of  art.  The  external  connections  could 
possibly  be  electric  if  they  are  within  one  board.  Otherwise  they  should  probably  be 
optical  and  may  be  partly  of  free  space  type  to  avoid  excessive  intra-  and  interboard 
cabling. 

Thus  photonic  switching  does  not  seem  to  be  necessary  in  these  scenarios. 

It  will  be  advantageous,  however,  if  it  can  be  used  to  reduce  the  costs.  An  obvious 
application  is  when  there  is  a  need  to  switch  a  large  bitstream,  10  Gbit/s  say,  for 
rerouting  or  protection  switching  purposes.  A  less  obvious  but  in  many  ways  more 
interesting  application  is  packet  switching  on  a  granular  level  like  e.  g.  ATM.  If  a  low 
cost  electrically  (or  optically)  controlled  variable  delay  optical  memory  could  be 
developed  this  could  be  very  attractive. 

Another  option  is  a  space  switch  based  on  free  space  optical  propagation  that  takes 
advantage  of  the  fact  that  optical  beams  can  cross  without  disturbing  each  other.  Such 
a  switch  consisting  of  an  array  of  optical  transmitters  facing  an  array  of  receivers  with 
individual  beam  steering  and  focusing  for  each  transmitter  could,  at  least  in  principle. 
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be  made  very  compact.  Assuming  diffraction  limited  focusing  and  limiting  the 
deflection  angle  to  about  0.25  radians  the  side  of  the  square  arrays  has  to  exceed 

about  ten  times  the  product  of  the  wavelength,  X,  and  the  number  of  pixels,  N.  Thus 
using  diffractive  liquid  crystal  microoptics  for  deflection  a  1000x1000  switch  (N  = 

1000)  using  X  =  1  pm  could  be  built  in  form  of  a  4  cm  long  bar  with  1  cm  square  end 

facets  incorporating  the  arrays.  Each  pixel  would  have  a  diameter  of  about  320  pm 
and  could  readily  be  connected  to  a  fiber  as  well  as  to  an  LED  or  a  detector.  Since  the 
response  time  of  liquid  crystals  will  probably  be  limited  to  the  order  of  100 
nanoseconds  such  a  switch  can  probably  only  be  used  for  circuit  switching  or  fairly 
slow  package  switching,  however. 

If  used  for  granular  switching  with  100  Mbit/s  in  each  subscriber  channel  such  a 
switch  could  handle  a  throughput  of  100  Gbit/s  and  it  might  well  be  competitive  with 
an  electronic  switch  even  if  electronics  would  still  be  needed  for  the 
demultiplexing/multiplexing  from  and  back  to  the  connecting  high  bitrate,  of  order  10 
Gbit/s,  optical  TDM  signal  format  that  is  needed  in  order  to  use  the  fiber  efficiently. 
With  a  moderate  power  consumption  of  10  mW  per  transmitter  pixel  the  total 
switching  power  consumption  would  be  only  10  W.  It  is  interesting  to  compare  this 
with  an  electronic  three  stage  Clos  switch  of  the  same  size.  The  gate  count  would  in 

this  case  be  about  2-  10^  and  the  switching  power  consumption  20  W  assuming 

lO'^  W/gate  as  above.  Additional  power  would  in  both  cases  be  required  for 
multiplexing,  demultiplexing,  control  functions  etc.  but  probably  more  so  for  the 
electronic  switch  due  to  the  power  consumption  associated  with  the  many  internal 
interconnections.  Note,  however,  that  a  working  electrically  steerable  deflection 
system  based  on  liquid  crystal  diffractive  optics  remains  to  be  demonstrated. 

6.  A  vision  of  future  high  capacity  broadband  networi^s. 

With  my  own  scientific  background  in  basic  electron  physics,  microwave  engineering 
and  quantum  optics  I  am  inclined  to  be  optimistic  about  the  future  development  of 
electronic  and  optical  devices.  We  are  still  very  far  from  the  fundamental  limits, 
indeed.  The  present  switching  energy  of  about  1  pJ  per  gate  is  thus  many  orders  of 
magnitude  larger  than  the  fundamental  limit  of  about  20  kT  =:  J  at  room 

temperature.  Also,  requiring  say  20  photons  per  bit  in  a  photonic  device,  the  energy 

per  bit  at  X  =  1  pm  would  be  40-  lO'l^  i.  e.  40  times  higher  than  the  electronic  limit 
but  still  very  low. 

In  view  of  this  and  the  cost  estimates  above  I  believe  it  may  become  cost  effective  to 
build  a  broadband  network  with  a  very  high  capacity  such  that  the  average  load  at 
peak  traffic  is  well  below  capacity  at  all  points  in  the  network.  Under  such  conditions 
the  switching  nodes  could  have  a  very  simple  standardised  structure  with  essentially 
no  internal  intelligence  and  with  buffering  only  for  synchronisation.  Since  bandwidth 
would  be  cheap  simple  circuit  switching  may  be  advantageous.  If  so,  the  free  space 
optical  switch  mentioned  in  section  5  may  be  competitive.  Most  of  the  control  and 
routing  functions  would  be  taken  over  by  the  subscriber  intelligent  terminals  as 
described  in  the  end  of  section  4. 

For  example,  if  a  link  in  the  network  is  broken  each  terminal  using  that  link  will 
detect  the  interruption  and  set  up  a  new  connection  using  an  altogether  different  path. 
In  that  way  all  tr^fic  will  be  removed  from  the  faulty  link  and  re-established  along 
new  paths  within  a  time  not  much  larger  than  the  signalling  round  trip  time  between 
the  subscribers. 

The  "road  map"  of  the  network  could  be  stored  in  each  terminal  and  could  be  updated 
from  a  central  data  base  perhaps  broadcasting  information  to  all  terminals 
continuously. 

Subscribers  needing  sophisticated  control  and  security  functions  could  either  use 
specially  equipped  terminals  or  rely  on  specialised  independent  service  providers 
connected  to  the  network. 
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Such  a  network  would,  in  many  ways,  be  analogous  to  a  road  network  where  the 
control  and  routing  are  left  to  the  individual  car  driver  while  a  traditional  network 
with  centralised  intelligence  and  control  is  more  like  a  railroad  system. 

Much  more  could  of  course  be  said  in  this  context  but  since  the  real  truth  is  hardly 
available  I  will  conclude  this  paper  by  formulating  some  questions  of  possible 
strategic  importance  for  the  research  aimed  at  photonic  switching. 

Can  electronics  provide  the  switching  capacity  desired  within  the  foreseeable 
future? 

If  the  answer  is  yes; 

Can  photonic  switching  still  have  a  cost  advantage? 

Personally  I  doubt  it,  possibly  making  exceptions  for  free  space  switches  and  switches 
using  yet  unexplored  phenomena. 

Can  such  phenomena  be  identified  today? 

Devices  using  coherent  mesoscopic  quantum  interaction  between  light  and  matter 
may  be  among  the  candidates. 

Are  there  other  applications  for  photonic  switching  than  in  telecommunication 
networiks? 

Why  not  in  future  computers?  Today  we  don't  even  know  the  algorithms  to  perform 
the  advanced  speech  understanding  and  image  recognition  that  is  needed  to  make  full 
use  of  information  technology  and  it  may  well  be  that  photonic  switching  of 
interconnects  within  a  computer  structure  will  be  needed. 
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This  talk  will  focus  on  current  applications  and  future  directions  of  optical  interconnection 
technology.  This  technology  will  be  initially  driven  by  applications  in  large  computing  and 
switching  systems.  Advances  in  system  architectures,  subsystem  modules  and  optoelectronic 
integrated  circuits  aimed  at  lower  cost  implementation  of  the  entire  system  are  necessary  to 
create  a  wide  application  base  for  optical  interconnection  technology. 
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One  approach  to  improving  the  performance 
of  large  processing  or  telecommunications  switch¬ 
ing  systems  is  to  intercormect  integrated  circuits 
using  optics.  Smart  pixels,  with  integrated  optical 
detectors,  modulators,  and  electronic  logic,  could 
potentially  be  used  in  these  systems.  The  FET- 
SEED,  consisting  of  the  monolithic  integration  of 
multiple  quantum  well  (MQW)  optical  modulators 
and  detectors  with  GaAs  field  effect  transistors,  is 
one  design  platform  for  these  smart  pixels  [1,2]. 
Another  potential  design  platform  uses  the  hybrid 
integration  of  MQW  modulators  and  detectors  with 
commercial  electronic  circuits  [3-7].  This  latter 
approach  allows  one  to  design  circuits  with  greater 
complexity  and  circuit  yield,  because  it  uses  avail¬ 
able  established  VLSI  processes. 

We  describe  an  8  x  8  array  of  smart  pixels, 
designed  and  fabricated  using  MQW  modulators 
and  detectors  flip-chip-solder-bonded  to  a  silicon 
CMOS  circuit.  The  modulators  were  designed  for 
850  ran  operation  and  the  substrate  was  removed  to 
avoid  excess  absorption  in  the  substrate  [5,7].  The 
individual  circuits  implement  embedded  control 
switching  nodes.  Thirty-one  of  the  64  nodes  func¬ 
tioned  correctly  at  low  speeds  and  the  center  4x5 
array  of  the  nodes  operated  at  250  Mb/s  without  re¬ 
adjusting  individual  bias  voltages. 

The  CMOS  circuit  shown  in  Fig.  1  is  func¬ 
tionally  similar  to  switching  nodes  previously 
made  using  the  monolithic  FET-SEED  technology 
[8].  The  circuits  used  two  different  receiver 
designs,  with  different  designs  placed  in  alternat¬ 
ing  columns  of  the  array.  The  first  receivers  con¬ 
sisted  of  a  pair  of  series  connected  MQW  diodes, 
with  their  center  tap  connected  to  the  input  of  an 
inverter.  The  second  receivers  were  similar  except 
that  the  center  tap  was  also  connected  to  a  pair  of 
clamps  [8].  These  clamps  were  implemented  with  a 
pair  of  transistors  (not  diodes)  with  the  gate  con¬ 
nected  to  drain  [9].  The  control  memory  was 
designed  using  a  standard  static  random  access 


memory  cell  and  the  2:1  multiplexer  was  designed 
using  pass  gates  [10].  An  inverter  on  the  output  of 
the  multiplexer  drove  the  output  modulators. 


other  node  From  other  node  ^ 


Control  Memory 
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Crosses  open  unless 
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Qamping  on  alter¬ 
nate  colunms. 


Fig.  1  Schematic  diagram  of  embedded  control  2x1 
nodes 


The  circuit  was  designed  using  MAGIC  and 
fabricated  using  Hewlett-Packard’s  1.2  pm  CMOS 
obtained  through  the  MOSIS  service.  The  center  to 
center  spacing  of  the  nodes  was  135  pm  x  120  pm. 
The  solder  bond  sizes  and  optical  window  sizes 
were  15  pm  x  15  pm  with  a  minimum  space 
between  two  solder  bonds  of  15  pm. 


Fig.  2  Structure  showing  two  MQW  diodes  bonded  to 
Si  CMOS  before  subsU:ate  removal 
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The  MQW  modulator  was  made  using  pro¬ 
cesses  similar  to  the  monolithic  FET-SEED  [2], 
The  layer  stmcture  consisted  of  95  periods  of  9  ran 
GaAs  quantum  wells  with  3.5nm  AIq  jGao jAs  bar¬ 
riers.  Additional  steps  to  the  process  included  a 
deep  mesa  etch  between  diodes  and  the  deposition 
of  solder  on  the  pads. 

After  receiving  the  CMOS  chips  from 
MOSIS,  additional  metal  layers  (Ti,  Pt,  Au)  and 
solder  were  deposited  on  the  solder  bump  pads. 
After  the  GaAs  chip  was  bonded  to  it,  the  substrate 
was  removed,  and  the  device  was  packaged  and 
antireflection  coated  [7].  A  diagram  and  photo¬ 
graph  of  the  bonded  chip  are  shown  in  Figs.  2  and 
3.  The  total  height  of  the  front  of  the  modulator 
from  the  surface  of  the  CMOS  chip  is  ~  10  |xm 


Fig.  3  Photogrjg)h  of  a  section  of  the  array.  Rectangles 
are  the  individual  mesas  which  measure  ~  20  pm  x  50 


pm. 


All  testing  was  done  sequentially,  one  node  at 
a  time.  Initially,  a  pair  of  low  power  (a  few  pW) 
optical  signals  were  focussed  onto  the  input  detec¬ 
tors.  A  low  power  read  beam,  split  into  two  by  a 
binary  phase  grating,  was  focussed  onto  the  output 
detectors.  The  optical  signals  were  generated  using 
diode  lasers  with  wavelengths  between  848  and 
852  nm.  The  modulator  bias  voltages  were  -5  V  and 
lOV,  so  that  the  voltage  across  the  modulators  var¬ 
ied  between  5  and  lOV.  Providing  an  offset  like  this 
gives  less  loss  in  the  high  reflectivity  state.  The 
detectors  were  biased  at  0  and  5V,  the  clamp  volt¬ 
age  was  2V  and  V^jj  was  5V.  The  inputs  were 
switched  by  alternately  blocking  each  of  the  two 
signals.  The  outputs  were  checked  for  visible  mod¬ 
ulation  for  each  of  the  two  inputs  to  a  particular 
node.  In  all  of  the  clamped  receivers,  the  low 


power  optical  signals  could  not  set  the  control 
memories  unless  the  clamping  voltage  was 
adjusted.  This  is  a  result  of  the  receiver  not  being 
able  to  supply  enough  current  to  change  the  static 
RAM  cell.  Had  we  designed  the  input  of  the  static 
RAM  cell  with  a  dual  gate  FET  to  ground  [8],  this 
would  not  have  been  a  problem.  When  the  power 
was  increased  in  the  high  speed  measurements,  we 
could  set  the  state  of  the  control  memory  without 
any  voltage  readjustments. 
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Fig.  4  Diagram  of  operating  nodes  as  a  function  of 
spatial  position  across  the  array.  Partially  working 
nodes  typically  had  one  modulator  operating  per  dif¬ 
ferential  pair 


In  Fig.  4.,  we  show  a  plot  of  which  nodes  had 
full  functionality  at  low  speed.  The  first  and  last 
columns  were  missing  modulators  and  detectors 
due  to  some  of  the  etchent  attacking  the  modula¬ 
tors  from  the  sides.  Other  inoperable  pixels  near 
the  edge  of  the  array  also  had  partially  removed 
modulators. 

Next,  high  speed  testing  was  done  on  this  cen¬ 
ter  4  x  5  array  by  current  modulating  the  two  input 
laser  diodes  with  complementary  sets  of  non-retum 
to  zero  (NRZ)  data  from  a  digital  word  generator. 
For  the  undamped  receiver,  the  detector  voltages 
were  set  at  0  and  2  volts.  For  the  clamped  receiver, 
the  clamping  voltage  was  set  at  2V  and  the  detector 
voltages  were  set  to  +/-  lOV.  One  column  was 
tested  for  full  fimctionality  (i.  e.  both  memory 
states),  the  others  were  tested  in  only  one  path 
except  for  spot  testing. 

Fig  5  shows  the  reflected  outputs  from  one  of 
the  modulators  for  the  center  4x5  array.  All 
devices  operated  at  250  Mb/s  (2  devices  barely) 
with  average  photocurrents  of  60uA  (240  fC). 
However,  the  power  (eneigy)  was  ~150  uW  ave 
(600  fJ)  for  the  clamped  receiver  and  400-500  uW 
ave  (1. 6-2.0  pJ)  for  the  undamped  receiver 
because  of  the  lower  responsivity.  The  current 
required  is  about  the  same  for  clamped  and 
undamped  cases,  (i.  e.  the  swing  in  each  case  is 
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about  the  same)  but  the  higher  responsivity  helps 
in  the  clamped  case.  Individual  devices  would 
woik  with  about  1/2  of  these  energies  if  voltages 
and  powers  are  carefully  tweaked,  but  it  was  diffi¬ 
cult  to  do  the  whole  array  at  lower  powers. _ 
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Fig.  5  Detected  oscilloscope  ouq)uts  from  one  modu¬ 
lator  from  each  2x1  switching  node  in  the  center  4  x 
5  section  of  the  array  at  a  data  rate  of  250  Mb/s.  The  8 
bit  repetitive  input  data  pattern  was  ‘000101  1  1’ 

There  is  some  variation  of  the  modulator  per¬ 
formance  across  the  array.  We  think  the  reason  for 
this  that  an  imperfect  antireflection  coating 
allowed  a  low-finesse  Fabry-Perot  resonance  to 
exist.  The  thickness  variation  across  the  array 
caused  by  the  substrate  removal  caused  changes  in 
the  wavelength  of  the  Fabry-Perot  resonance, 
which  in  turn  causes  the  observed  changes  in  the 
reflectivities.  Also,  the  reflectivity  of  the  metal  on 
the  top  of  the  modulators  when  illuminated  from 
the  back  side  is  estimated  to  be  only  about  40%. 

In  conclusion  we  have  designed,  built,  and 
tested  an  8  X  8  array  of  embedded  control  2x1 
nodes.  The  device  array  was  made  by  flip-chip-sol¬ 
der  bonding  of  MQW  optical  modulators  and 
detectors  onto  a  silicon  CMOS  integrated  circuit. 
Approximately  one  half  of  the  airay  was  opera¬ 
tional  and  the  center  4x5  section  was  operated  at 
250  Mb/s.  It  is  important  to  note  that  this  is  a  first 


demonstration  of  this  technology  applied  to  smart 
pixels.  Therefore,  although  the  performance  of  this 
chip  is  not  quite  up  to  that  of  the  monolithic  tech¬ 
nology  [8],  simulations  with  improved  receiver  and 
circuit  designs  show  much  better  capabilities.  We 
expect  rapid  progress  in  this  area  to  continue. 

This  work  was  partially  sponsored  by  ARPA 
under  Air  Force  Rome  Laboratories  contract  num¬ 
ber  F  30602-93-C-0166. 
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Introduction 

The  RACE  Multi-Wavelength  Transport  Network  project  (MWTN)  began  in  January  1992 
with  10  partners  including  operators,  manufacturers  and  universities  (Fig.  1)  with  completion 
scheduled  for  December  1995.  The  overall  goals  are  to  demonstrate  the  feasibility  of  an 
optical  network  layer  that  is  transparent  to  signal  bit  rate  and  format  and  to  identify 
evolutionary  routes  and  standards.  From  an  operators  viewpoint,  these  attractive  features  will 
provide  incioased  flexibility  to  carry  a  wide  range  of  future  services.  The  network  approach 
is  based  on  wavelength  routing  and  uses  optical  amplifiers,  WDM  transmission  and  space 
switching  [1,2].  The  project  has  three  key  themes:  the  development  of  preferred 
technologies,  practical  demonstrations  of  multi- wavelength  networking  and  the  application  of 
design  and  evaluation  tools  to  support  the  technology  development  and  demonstration 
activities. 


Principle  of  MWTN 

An  MWTN  node  allows  WDM  signals  to  be  processed  either  as  a  multiplex  or  as  individual 
channels.  In  particular,  it  provides  wavelength  add-drop  and  cross-connect  functions  that  are 
controlled  by  a  management  system.  Many  component  and  node  configuration  options  are 
possible  using  the  basic  elements  of  optical  amplifiers,  wavelen^  multiplexers  and  space 
switches.  In  the  configuration  chosen  for  the  MWTN  demonstrations  (Fig  2),  four  principle 
sub-systems  are  implemented:  a  line  sub-system  with  optical  amplifiers,  a  transmission  sub¬ 
system  with  wavelength  switchable  sources,  a  switching  sub-system  and  a  management  sub¬ 
system. 

Fibres  entering  an  MWTN  node  cany  multiple  wavelength  signals.  The  wavelengths  are  first 
amplified,  then  demultiplexed  and  routed  via  a  space  switch  array,  either  to  outgoing  fibres  or 
dropped  to  local  receivers.  Locally  generated  signals  can  be  introduced  via  the  space 
switches  and  can  be  multiplexed  with  other  "local"  or  "through"  signals.  The  practical  work 
in  MWTN  is  based  on  4  coarse  wavebands  in  the  erbium  fibre  window,  each  capable  of 
carrying  4  fine  grain  channels  spaced  at  10  GHz,  but  the  wavelength  plan  allows  for  twice 
this  number. 


Project  Review 

The  first  year  of  the  project  concentrated  on  developing  a  comprehensive  specification  for  the 
experimental  demonstrator,  initiating  component  development  pro^ammes  and  developing 
sub-system  test  beds,  whilst  the  second  year  saw  the  assembly,  testing  and  integration  of  the 
line  transmission  and  control  and  management  sub-systems  for  the  "mid-term  demonstrator". 
This  first  demonstrator  became  operational  at  BT  Laboratories  in  September  1993  and  a 
managed  network  node  was  then  demonstrated  in  January  1994,.  A  second  node  was  built 
into  BT's  "Innovation  '94"  exhibition  as  the  "network  of  the  future  carrying  services  of  the 
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future".  The  possibility  of  upgrading  the  network  using  fine  grain  WDM  was  also 
demonstrated  using  both  coherent  and  direct  detection  techniques. 

The  third  year  continued  the  development  of  technologies  [3]  and  experimental 
demonstrators.  For  example,  packaged  indium  phosphide  4x4  gate  array  switches  were 
incorporated  into  the  experimental  test  bed.  The  two  nodes  were  shipped  to  Sweden  where 
they  were  upgraded  with  the  more  recently  developed  components  and  have  been  integrated 
with  a  TMN  (Telecommunications  Management  Network)  management  system  with  full  Q3 
interface[4].  The  third  year  "final  demonstrations"  staged  in  the  Stockholm  Gigabit  Network 
showed  service  configuration  and  network  protection  applications.  The  two  nodes  were  sited 
at  physically  separate  locations  and  controlled  via  an  X25  packet  network.  Further 
demonstrations  are  planned  in  both  UK  and  Sweden  during  1995. 

The  experimental  activity  is  supported  by  a  substantial  theoretical  and  modelling  studies 
programme.  Physical  models  are  used  in  demonstrator  design  and  to  predict  possible 
network  dimensions.  The  modelling  has  shown  that  the  maximum  practical  network 
dimensions  are  strongly  influenced  by  noise  build-up  and  the  losses  in  a  node.  This  in  turn 
depends  on  the  chosen  architecture  and  the  component  performance.  For  example  a  switch 
loss  of  12dB  will  limit  the  network  size  to  between  10  and  20  nodes  at  a  bit  rate  of  2.5Gb/s 
whereas  a  loss  of  IdB  pushes  the  noise  limiting  performance  up  to  over  100  nodes.  However 
other  factors  such  as  cross  talk,  dispersion  and  non-linear  transmission  may  reduce  this  range. 

Some  of  the  project  achievements  include: 

•  development  of  a  wide  range  of  WDM  and  switching  components 

•  a  series  of  successful  managed  network  demonstrations 

•  development  of  modelling  tools  for  design  and  evaluation 

•  development  of  standards  for  layered  network  architecture  and  wavelength  allocation 
Conclusions 


Since  the  start  of  this  project  optical  amplifiers  have  been  deployed  in  transmission  systems 
and  long  distance  operators  are  beginning  to  make  commitments  to  use  WDM.  Opto¬ 
mechanical  space  switches  are  now  commercially  available  and  seem  likely  to  be  used  in 
applications  such  as  flexibility  frames  and  network  protection.  MWTN  represents  the  next 
step.  The  technology  developments,  demonstrations  and  analyses  made  in  this  project  all 
suggest  that  wavelength  routing  is  feasible  and  should  be  considered  as  a  medium  term 
technology  rather  than  something  for  the  long  term. 
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Introduction 

The  introduction  of  Wavelength  Division  Multiplexing  (WDM)  techniques  into  fiber  networks  opens 
perspectives  for  a  global  transparent  optical  telecommunication  backbone.  One  of  the  most  promising  features 
of  optical  telecommunications  is  to  provide  a  common  infrastructure  which  could  become  an  integration  factor 
in  a  heterogenous  but  interconnected  network  environment.  Furthermore  optics  can  provide  a  degree  of 
network  transparency  to  bitrate,  transfer  mode  and  signal  format  of  the  transported  signals.  By  using 
transparent  optical  crossconnect  nodes,  based  on  space  and  wavelength  routing,  a  rearrangeble  network 
topology  can  be  achieved.  Local  exchanges  could,  in  principle,  be  connected  directly  to  each  other  through 
end-to-end  transparent  optical  paths. 

The  future  network  needs  to  be  centered  around  the  idea  of  a  trade-off  between  bandwidth  and  simplicity 
favouring  easier  management  and  operations.  In  particular  simpler  software  structures  are  only  possible  if  the 
basic  hardware  infrastructure  becomes  simultaneously  simpler  and  articulated  in  a  reduced  number  of 
hierarchical  and  administrative  planes.  Nevertheless,  to  attain  a  full-meshed  interconnection,  a  relatively  large 
number  of  wavelength  channels  is  required  between  two  nodes,  growing  rapidly  to  unrealistic  numbers. 
Therefore,  in  order  to  achieve  a  more  scalable  network  architecture,  it  is  necessary  to  improve  the  routing 
granularity,  without  compromising  too  much  the  optical  transparency  and  network  simplicity. 

The  architecture  proposed  introduces  the  required  granularity  by  dividing  the  network  in  overlapping  partitions 
[1].  The  time-domain  is  only  accessed  at  the  border  of  two  partitions  or  of  the  network,  through  time-slotted 
optical  crossconnect  nodes  :  transparent  optical  paths  are  terminated  here  and  new  ones  created.  These  nodes 
break  the  continuity  of  the  signal  transparent  optical  paths,  and  are  therefore  called  'hopping  nodes',  referring 
to  the  possibility  for  a  time-slot  to  migrate  from  one  transparent  optical  path  to  another  (multihop  routing, 
fig.l.b.,  as  opposed  to  single  hop  routing,  fig.l.a.).  By  equipping  a  hopping  node  with  both  transparent  and 
time-slotted  optical  crosscormects,  end-to-end  optical  paths  can  still  be  provided. 

Network  nodes 

Three  main  node  types  eventually  persist  in  the  core  network  [2]:  transparent  optical  crossconnects,  time- 
slotted  optical  crossconnects  and  time-slotted  optical  switches  (fig.l).  Each  of  them  operate  in  a  distinct 
transport  network  sublayer  [3,4,5]:  the  Transparent  Path,  the  Virtual  Path  and  the  Virtual  Circuit  Sublayer 
respectively  (fig.2). 

Transparent  optical  crossconnect  [6,7,8] 

This  transport  node  operates  in  the  path  layer  and  configures  according  to  demand  the  core  network  by  routing 
transparent  optical  paths  through  semi  permanent  connections.  It  provides  connections  between  any 
input/output  ports,  as  well  as  bridging  and  multicasting  capabilities,  all  in  strictly  non-blocking  mode.  This 
means  that  there  is  always  a  unique  and  straightforward  way  to  establish  any  connection  independently  of  the 
configuration  status  of  the  crossconnection  fabric,  in  contrast  with  a  rearrangeble  non-blocking  fabric  which 
would  need  wavelength  reallocation  of  the  already  set  channels.  Disruptions  are  thus  avoided  when 
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reconfigurations  are  needed  to  meet  traffic  changes.  No  specific  configuration  algorithm  is  needed  to  establish 
any  set  of  connections  at  the  node  level  and  congestion  matters  which  have  to  be  addressed  at  the  network 
level  can  be  solved  by  considering  only  the  availability  of  link  transmission  resources.  Optical  paths  are 
created  by  exploiting  both  wavelength  and  space  domain;  to  get  higher  flexibility,  wavelength  is  assigned  and 
reused  on  per  link  basis;  therefore  wavelength  is  seen  as  a  transport  resource  and  has  no  end  to  end 
significance.  A  practical  consequence  is  that  wavelength  conversion  is  needed  at  the  optical  crossconnect. 
The  exploitation  of  all-optical  wavelength-conversion  and  space-division-switching  grants  this  node  a  high 
level  of  transparency  to  accommodate  a  wide  range  of  digital  signals  with  different  frame  formats,  coding 
schemes  or  bitrates. 

Time-slotted  optical  crossconnect  [9,10] 

This  routing  system  also  operates  in  the  path  layer  and  provides  the  same  functionalities  of  transparent  optical 
crossconnects.  Differences  arise  from  the  fact  that  it  deals  with  time-slotted  rather  than  transparent  optical 
paths  to  provide  the  path  layer  with  finer  granularity.  Time-slots  are  fixed-length  packets,  statistically  but 
synchronously  multiplexed.  Consequently,  the  crossconnection  fabric  is  operated  synchronously  and 
reconfigured  on  a  time-slot  basis.  As  a  result  of  statistical  multiplexing,  collision  may  occur  between  packets 
with  the  same  destination.  Contention  can  be  resolved  either  by  optical  buffering  through  fiber  delay  lines,  or 
by  expansion  in  the  wavelength  domain.  Because  dealing  with  transparent  or  virtual  paths  translates  into 
different  functional  requirements,  a  distinction  has  to  be  made  between  the  two  kinds  of  crossconnects  but  it 
should  be  understood  that  some  nodes  of  the  core  network  could  be  equipped  with  both.  Optical  crossconnects 
capable  of  handling  both  transfer  modes  simultaneously  in  an  arbitrary  mix  might  be  envisaged  as  well. 

Time-slotted  (optical)  switch  [10,11] 

This  type  of  node  is  necessary  to  handle  end-to-end  connections.  It  is  located  in  the  core  network  at  the 
boundary  with  the  access  network,  which  provides  customer  traffic  concentration  and  multiplexing.  This  node 
handles  the  ATM  traffic  generated  by  customers.  It  will  eventually  be  completely  implemented  in  optics,  but  a 
substantial  amount  of  electronics  will  remain  in  the  short  term,  to  perform  complex  functionalities  usually 
required,  such  as  traffic  concentration,  multiplexing  and  bitrate  increase,  header  processing. 

Evolution  scenario:  gradual  introduction  of  optics 

The  transport  network  building  blocks  will  gradually  be  upgraded  following  state-of-the-art  technology,  but  a 
basically  non-hierarchlcal  network  architecture  will  remain  throughout  this  evolution. 

In  the  short  term,  a  core  optical  network  is  constructed  using  transparent  optical  crossconnects  only.  While  the 
number  of  network  nodes  grows,  the  interconnection  matrix  will  become  more  complex,  and  soon  a  full- 
meshed  node  interconnection  will  not  be  achievable  anymore  with  the  number  of  wavelength  channels 
available  with  state-of-the-art  technology.  Partitioning  of  the  core  network  then  becomes  mandatory,  and  thus 
also  hopping  between  network  partitions,  thereby  accessing  the  time  domain.  It  should  be  observed  that  still  a 
limited  number  of  end-to-end  transparent  optical  channels  can  be  maintained,  which  cross  partition  boundaries 
without  interference. 

Despite  the  fact  that  optical  time-slotted  crossconnects  may  not  be  available  by  that  time,  hopping  can  already 
be  achieved  electrically  at  the  border  of  the  core  network,  by  utilising  larger  switching  fabrics  with  additional 
capacity  and  functionality  in  the  local  exchanges  (LEX,  fig.l.c.,  2.c.).  This  scenario  preserves  the  optical 
integrity  of  the  inner-core.  In  a  later  stage,  optical  time-slotted  crossconnects  can  replace  the  electrical  ones, 
enabling  all-optical  hopping.  These  optical  time-slotted  crossconnects  could  either  remain  located  at  the  core 
network  border,  or  can  be  embedded  inside  the  core  network.  Considering  the  current  trend  towards 
photonisation  of  the  access  network  (PONs,  optical  distribution  networks,...^  the  ultimate  customer-to- 
customer  optical  transport  will  eventually  be  achieved  when  also  the  switching  function  in  local  exchanges 
(LEX)  becomes  completely  optical,  including  processing  at  the  interfaces. 

Conclusion 

A  simple  yet  flexible  high-capacity  network  architecture  is  proposed,  featuring  a  reasonable  degree  of  signal 
transparency  through  the  availability  of  transparent  end-to-end  channels,  while  still  ensuring  scalabUity 
through  a  fine  routing  granularity  between  network  partitions.  Early  partitioning  is  possible  with  electro- 
optical  rather  than  photonic  technology,  ensuring  scalability  throughout  the  process  of  network  photonisation. 
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Fig.1  Optical  transport  network  architecture 


Fig.2  Layered  structure  of  the  transport  network 
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Introduction 

The  underlying  node  model  of  the  cross-connect  is  sketched  in  Fig.  1 .  Eight  incoming  fibers 
each  supporting  16  densely  multiplexed  frequencies  can  be  routed  arbitrarily  to  16  frequencies 
carried  on  each  of  eight  outgoing  fibers.  After  power  splitting  of  an  incoming  OFDM  signal, 
tunable  frequency  selective  receivers  select  a  prescribed  OFDM  channel  using  the  circuit 
switched  mode.  Due  to  their  high  selectivity  the  tunable  heterodyne  receivers  provide  the 
required  signal  demultiplexing  function  and  in  turn  a  reordering  function.  Conceptually, 
switching  is  performed  in  the  space  domain  by  electrical  space  switching  stages  with  free- 
space  interconnects  between  them.  The  choice  of  1.5  pm  for  the  wavelength  is  suitable  for  an 
optical  transparent  network,  where  the  electronic  switches  will  be  replaced  by  optical  switches 
in  a  further  step  of  development. 

Free-space  switch 

In  order  to  investigate  free-space  operation  capabilities  [1]  an  experimental  demonstrator  has 
been  realized.  Fig.  2.  The  complete  space  switching  fabric  (data  array  size  16x16)  is  designed 
as  a  compact  3D  microsystem  containing  several  space  switching  stages  interconnected  with 
arbitrary  but  fixed  interstage  patterns.  Thus,  multistage  operation  is  required  for  strict  non- 
blocking  operation.  Driven  by  practical  aspects,  the  space  switching  stages  are  designed  as  a 
cube  consisting  of  16  stacked  switching  planes.  Each  of  these  carries  signal  regeneration 
circuitries  as  well  as  lasers  [2]  and  photo  diodes  for  16  links.  The  performance  of  the  free- 
space  system  has  been  explored  using  a  limited  number  of  representative  signal  paths. 
Packaging  tolerances  may  cause  beam  spot  displacements  on  the  photo  diodes  with  a 
reduction  in  beam  power.  In  order  to  overcome  this  difficulty,  a  low  capacitance  (<  0.8  pF) 
MSM-photo  detector  has  been  used  with  a  large  sensitive  area  of  350  pm  in  diameter  [3]. 
Despite  the  application  of  these  photo  diodes  as  well  as  non-optimized  electronics  a  maximum 
bit  rate  of  >  622  Mb/s  per  link  could  be  achieved.  As  a  result,  the  total  aggregated  throughput 
of  the  16x16  fabric  amounts  to  >150  Gb/s. 

Holographical  optical  elements  (HOE)  were  used  for  the  free-space  interconnects.  They  met 
best  the  demands  of  flexible  interconnection  schemes  in  a  compact  system  at  high  efficiency. 
Computer  generated  holograms  in  the  form  of  Fresnel  zone  lenses  (FZL)  for  collimating  and 
focusing  of  light  were  combined  with  volume  gratings  optically  recorded  in  dichromated  gelatin 
(DCG)  utilized  as  deflection  elements.  The  individual  holograms  are  each  2  mm  in  diameter, 
which  corresponds  to  the  lateral  spacing  of  the  10-ports  in  the  space  switching  stages,  [4]. 
16x16  arrays  of  FZL  have  been  fabricated  as  "binary  optical  elements"  in  quartz  glass,  [5,6]. 
The  surface  profiles  In  each  zone  of  the  lenses  have  been  approximated  by  a  stepped  profile 
up  to  32  levels.  Volume  phase  holograms  in  DCG  proved  to  be  very  suitable  to  achieve  large 
deflection  angles  in  combination  with  high  efficiency  [7].  A  two  layer  anti-reflection  coating  was 
deposited  on  all  holographic  elements.  The  used  FZL  as  well  as  deflection  elements  showed 
efficiencies  of  >80  %.  The  measured  transmission  loss  in  the  complete  HOE  interconnection 
stage  was  lower  than  6  dB  and  a  crosstalk  of  less  than  -23  dB  could  be  estimated. 

Frequency  stage 

The  frequency  stage  consists  of  two  blocks.  At  the  input  side  there  is  a  passive  1  to  N  optical 
coupler  distributing  the  incoming  signal  to  N  frequency  selective  receivers.  At  the  output  side 
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the  block  consists  of  N  transmitters  and  a  network  recombining  their  signals  for  onward 
transmission  on  one  fiber.  For  demonstration  purposes  the  frequency  stage  was  realized  for 
one  incoming  fiber  and  for  4  optical  channels.  The  signals  are  frequency  modulated  with  a  bit 
rate  of  140  Mbit/s  (CMI  line  coded).  A  frequency  shift  of  2.4  GHz  was  chosen  to  avoid  a  high 
sensitivity  penalty  due  to  the  relatively  large  linewidth  of  the  available  lasers  (10  to  40  MHz). 
The  spacing  in  optical  frequency  amounts  to  9  GHz.  To  test  the  performance  for  a  larger 
number  of  incoming  signals  a  10  channel  OFDM  signal  is  fed  to  the  frequency  stage.  Tunable 
fully  engineered,  balanced,  heterodyne  polarization  diversity  receivers  are  key  elements  of  the 
frequency  stage.  During  the  last  years  DFB  and  tunable  lasers  have  become  available,  which 
have  linewidth  less  than  10  MHz.  This  enables  different  detection  schemes.  Now  a  delay-line 
frequency  discriminator  can  be  used  for  data  detection.  Additionally  the  sensitivity  can  be 
improved  by  using  the  orthogonal  Manchester  code.  With  the  implementation  of  the  above 
laser  and  coders  the  sensitivity  was  improved  essentially.  Fig.  3.  Thus,  the  system  can  be 
operated  with  a  system  loss  >  50  dB  without  any  optical  amplification  or  any  repeater. 

The  block  diagram  of  the  realized  receivers  is  depicted  in  Fig.  4.  The  incoming  signals  are 
superimposed  with  the  light  of  the  tunable  local  laser  in  a  3  dB  coupler  of  an  optical  all  fiber 
polarization  diversity  front-end.  To  avoid  a  polarization  fading  the  superimposed  signals  are 
separated  in  two  orthogonal  states  of  polarization  and  fed  to  two  balanced  receivers,  one  for 
each  state  of  polarization.  The  LO  is  a  tunable  TTG-Laser  [8]  with  a  typical  tuning  range  of 
500  GHz.  Microwave  circuits  for  the  IF  processing  are  realized  by  employing  surface  mounted 
components  on  standard  glass  epoxy  printed  qimuit  boards.  The  sensitivity  of  the  receivers  is 
better  than  -48  dBm  (BER=10’®,  PRBS=2^  -1).  Each  receiver  is  equipped  with  a 
microprocessor  to  perform  the  supervision  of  the  status  of  the  LO-laser  and  to  perform  the 
switching  operation.  The  switching  time  between  two  optical  channels  amounts  to  less  than 
5  ms.  Besides  coherent  receivers,  direct  detection  receivers  with  tunable  filters  and  optical 
amplifiers  were  investigated.  Their  sensitivity  was  comparable  but  their  tuning  speed  was  with 
800  ms  much  slower  than  in  the  case  of  coherent  receivers. 

At  the  output  side  of  the  frequency  stage  4  transmitter  lasers  are  FSK  modulated  and  their 
signal  is  fed  via  a  8  to  1  coupler  to  the  output  fiber.  To  avoid  interference  between  different 
channels  and  to  guarantee  fast  channel  selection  at  the  receiver  side,  frequency  monitoring 
and  controlling  of  each  transmitted  signal  is  inevitable.  Therefore  one  channel  is  stabilized 
absolutely  and  all  other  channels  are  stabilized  relative  to  this  channel,  [9]. 

Conclusion 

Key  components  of  a  dense  OFDM  cross-connect  have  been  developed  as  a  first  step  to 
exploit  the  inherent  parallelism  of  optics  for  telecommunication  purposes.  In  order  to  prove  1 .5 
pm  system  operation  from  the  practical  point  of  view,  an  experimental  demonstrator  has  been 
built.  It  can  be  concluded  that  free-space  interconnects  designed  for  the  long  wavelength 
range  are  a  viable  alternative  to  meet  the  bulk  of  connectivity  demands  in  conventional  and 
future  switching  networks.  In  addition,  a  frequency  stage  with  tunable  coherent  polarization 
diversity  receivers  was  developed  and  stable  operation  of  the  frequency  stage  was 
demonstrated. 
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Background/Motivation 

There  is  an  ever  increasing  demand  for 
high  throughput,  cost  effective,  broadband  data 
switching  networks,  as  demonstrated  by  the 
explosive  growth  in  the  Asynchronous  Transfer 
Mode  (ATM)  equipment  industry.  Future 
networks  must  handle  thousands  of  high 
bandwidth  channels,  implying  an  aggregate 
capacity  in  the  terabit/second  regime  [1].  These 
requirements  will  exceed  the  ability  of  VLSI  based 
switching  technology. 

Self-routing  banyan  based  networks,  which 
utilize  a  deflection  algorithm  to  efficiently  route 
packets  to  their  destinations  while  minimizing 
resources  for  a  given  blocking  rate,  have  been 
proposed  [2].  To  minimize  latency  and  switching 
resources,  the  deflection  routing  approach  requires 
an  available  output  driver  at  each  node  at  each 
stage.  Smart  pixel  based  free-space  optical 
interconnections  have  been  shown  to  provide  the 
necessary  interstage  connections  for  this 
architecture,  thereby  eliminating  the  need  for 
thousands  of  bulky,  power  hungry  electrical 
interconnections  [3]. 

In  this  paper  the  Sliding  Banyan  (SB)  [4],  a  1.  Sliding  Banyan  partitioning  scheme. 

3-D  optical  Multi-stage  Interconnection  Network  (MIN)  architecture,  is  evaluated.  The  SB  is  a  pipelined  MIN 
based  on  identical  perfect  shuffle  [5]  interconnections  between  stages.  Since  it  is  a  banyan,  simple  destination  tag 
routing  can  be  employed  by  setting  the  switches  at  each  stage  according  to  the  destination  address  located  in  the 
header.  If  a  conflict  occurs  between  two  packets,  a  prioritization  scheme  resets  to  destination  address  decoder  to  the 
first  bit  for  the  lower  priority  packet.  The  SB  utilizes  a  unique  three  dimensional  partitioning  of  resources,  which 
provides  for  efficient  packet  routing  in  a  deflection  routing  scheme,  while  minimizing  the  number  of  line  drivers. 
Figure  I  depicts  the  SB  partitioning  scheme.  Rather  than  the  traditional  physically  separated  stages,  in  which  the 
switching  and  I/O  resources  are  distributed  longitudinally,  the  SB’s  resources  are  distributed  laterally,  in  the  same 
physical  plane.  In  this  configuration  the  multiple  stages  of  the  switching  fabric  are  physically  interleaved,  such 
that  all  stages  for  a  given  node  reside  in  close  proximity  (i.e.,  on  the  same  chip).  This  partitioning  utilizes  a  single 
macro-optical  shuffle  interconnection  module,  which  is  simultaneously  used  by  all  stages.  Simulations  of  unity 
permutation  traffic  were  shown  to  achieve  10“^^  blocking  probability  in  30  stages  for  a  1024  node  network.  This  is 
a  50%  improvement  over  a  Tandem  Banyan  [6]. 

Approach 

Figure  2  is  a  schematic  depiction  of  an 
unfolded  SB,  showing  an  output  link  at  each  stage 
for  the  immediate  removal  of  packets  which  have 
reached  their  destination.  This  immediate 
removal  provides  a  significant  reduction  in  the 
number  of  stages  required  for  a  given  blocking 
rate.  Figure  2  shows  the  number  of  output  drivers 

Figure  2,  Unfolded  Sliding  Banyan  architecture. 


Output 


28  /  PWD4-2 


required  for  an  unfolded  deflection  routing 
scheme  to  be  N(M-logkN),  where  M  is  the  number 
of  stages  (e.g.,  30  for  10'^^  blocking  probability), 
k  is  the  shuffle  order,  and  N  is  the  number  of 
nodes.  By  implementing  the  SB  resource 
partitioning  shown  in  Figure  1,  the  number  output 
drivers  is  reduced  to  N.  For  a  1024  node  network, 
with  k  =  4,  and  M  =  30  stages,  the  reduction  in 
interchip  drivers  (optical  or  electronic)  is 
1024x25=25,600  -  a  significant  reduction  (1/25). 

Figure  3  depicts  the  folded  SB  switch.  Packets 
enter  the  SB  switching  fabric  on  a  fiber  optic  or 
coax  bundle,  as  depicted  on  the  left.  Electronic 
boards  or  MCMs  are  used  at  the  interface  if 
needed  (e.g.,  for  line  card  functionality).  The 
smart  pixels  are  distributed  across  an  array  of 
Optoelectronic  Integrated  Circuits  (OEICs),  which 
comprise  an  “optoelectronic  backplane.’’  This  backplane  is  envisioned  to  be  tens  of  centimeters  across.  Each  OEIC 
consists  of  Vertical  Cavity  Surface  Emitting  Lasers  (VCSELs)  and  detectors  for  data  transfer,  and  integrated  or 
hybrid  electronics  (several  hundred  gates)  for  data  switching.  For  a  1024  node  switch,  consisting  of  30  stages, 
there  will  be  over  30,000  VCSEL/detector  pairs  distributed  across  the  backplane.  We  estimate  power  consumption 
of  lOmW/optical  link,  and  assume  that  it  dominates  the  smart  pixel  power  budget.  This  power  estimate  is 
consistent  with  conservatively  projected  VCSEL  technology.  Estimating  power  dissipation  on  a  chip  at  a 
maximum  of  2W/cm^,  results  in  a  maximum  smart  pixel  density  of  200/cm^.  The  SB  architecture  consisting  of 
30,000  optical  links  would  then  require  -^150cm^  of  OEIC  chip  area.  A  backplane  of  20cmx20cm  would  have  a 
OEIC  fill  factor  of -^40%,  which  is  consistent  with  practical  MCM  packaging. 

The  optical  shuffle  interconnect  depicted  in  Figure  3  consists  of  a  macrolenslet  array,  with  an  identical 
lenslet  for  each  OEIC.  These  lenslets  perform  the  wide  angle  off-axis  interleaved  imaging  necessary  for  the 
shuffle  link  pattern.  The  lenslets  may  be  refractive  or  diffractive  lenses.  A  mirror  is  used  to  fold  the  SB  onto 
itself,  so  that  each  lens  performs  as  both  a  transmitting  and  receiving  element.  The  length  of  the  system  is 
determined  by  the  size  of  the  optical  back  plane  and  the  speed  of  the  lenslets.  Preliminary  estimates  show  that  a 
system  length  approximately  equal  to  the  dimension  of  the  backplane  is  achievable  with  reasonably  simple  lens 
designs.  This  optical  interconnection,  in  conjunction  with  local  smart  pixel  routing,  provides  the  necessary  perfect 
shuffle  pattern  (e.g.,  a  2-  shuffle  or  a  4-shuffle)  to  implement  of  the  simple  self  routing  SB. 

Experimental  Evaluation 

In  the  SB,  the  basic  imaging  system  consists  of  a  lenslet,  a  mirror,  and  another  lenslet  that  is  laterally  offset 
from  the  first  lens.  The  amont  of  lateral  dispalcement  is  determined  by  the  relative  positions  of  the  OEICs  on  the 
back  plane.  This  imaging  system  is  required  to  perform  wide  angle  imaging  defined  by  the  dimensions  of  the 
OEICs  in  the  object  and  image  planes.  For  each  lens,  this  requirement  is  similar  to  existing  miniature  video 
camera  lens  specifications,  since  video  cameras  perform  wide  angle  imaging  across  a  field  defined  by  a  CCD  array. 
The  SB  has  several  optical  design  issues  to  be  resolved.  These  include:  alignment,  interleaved  registration, 
distortion,  focal  length  variation  tolerances,  VCSEL  image  resolution,  and  folding  of  the  optical  system.  These 
issues  combine  to  determine  the  ability  of  the  optical  system  to  image  the  interleaved  VCSEL  array  onto  the 
interleaved  detector  array  with  good  efficiency  and  low  crosstalk.  The  alignment  tolerances  are  determined  by  the 
size  and  spacing  of  the  detectors  and  VCSELs.  Our  experiments  used  10p,m  VCSELs  separated  by  630p.m  and  we 
analyzed  the  results  assuming  40|im  detectors  spaced  the  same.  Current  chip  placement  technology  provides  the 
ability  to  align  chips  to  approximately  10|j.m  accuracy.  If  we  assume  that  the  smart  pixel  OEICs  will  have  sub¬ 
micron  optoelectronic  registration  (comparable  to  modern  photolithographic  IC  technology  capabilities),  then  the 
dominant  source  of  optical  misalignment  and  loss  of  efficiency  will  come  from  the  lenslet  array  itself. 
Consequently,  we  are  focusing  on  evaluating  the  SB  wide  field  optics.  Our  initial  approach  is  to  use  conventional 
off-the-shelf  refractive  optical  elements,  leading  to  an  eventual  custom  design. 
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Figure  3.  Sliding  Banyan  switching  network  depiction. 
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Figure  4  depicts  a  typical  experimental 
setup  for  validating  the  SB  optical  system.  A 
VCSEL  array  (supplied  by  Honeywell)  was  used 
as  the  input  source,  and  off-the-shelf  video  camera 
lenses  were  used  to  image  the  VCSELs  onto  a 
CCD  detector  array.  The  evaluation  VCSEL  array 
consisted  of  4x4  individually  addressable  lOpm 
wide  emitters,  operating  at  0.84  pm.  These 
particular  devices  operated  at  about  10-20  mW  of 
power  consumption.  Figure  5  shows  the  results  of 
a  registration  experiment  in  which  3  collinear 
VCSEL  elements,  spaced  by  630  pm,  were  imaged 
onto  a  CCD  array  for  evaluation.  The  white 
outline  squares  indicate  the  locations  and  size  of 
evenly  spaced  40um  detectors  that  would  be  part 
of  the  smart  pixel.  As  shown  in  the  figure,  the  off- 
the-shelf  video  lens  performs  fairly  well  in  this 
ofiF-axis  imaging  system.  The  inherent  distortion 
of  the  imaging  system  (primarily  due  to  vignetting 
of  the  narrow  VCSEL  beam  by  the  barrel  of  the 

lens  mount)  begins  to  become  apparent  for  total  p.  4  Experimental  shuffle  interconnection  setup, 
fields  of  view  greater  than  about  20  degrees.  In 
addition  to  the  broadening  of  the  focused  VCSEL 
imaged  spots,  at  the  widest  angles  the  array’s 
images  are  beginning  to  misalign  with  the  target 
detector  array  patterns.  The  widest  angle  data  for 
the  imaged  VCSEL  array  correspond  to  a  back¬ 
plane  of  size  of  about  4  inches  and  a  total  system 
length  of  about  12  inches  due  to  the  video  lenses 
filed  of  view  limitations.  To  achieve  the  desired 
length-to-width  ratio  of  ~1  in  the  SB  optical 
system  requires  flat  field  imaging  optics  with  a 
total  field  of  view  of  approximately  56  degrees. 

Although  this  is  not  a  trivial  design,  our 
preliminary  studies  indicate  that  a  detailed  optical 
design,  which  meets  the  distortion  and  off-axis 
imaging  criteria  is  not  overly  difficult.  Such  a 
design  is  currently  being  pursued. 

Conclusion 

The  optical  SB  network  evaluated  in  this 
paper  is  an  example  of  utilizing  a  fundamental 
advantage  of  3-D  optical  interconnects  over  2-D  pjgm-e  5.  Data  for  3  co-linear  VCSELs  separated  by  630|j,m. 
VLSI  technology.  The  co-location  of  the  multiple  g.  on-axis  b*  10°  FOV  c  20°  FOV 
stages'  switching  resources  makes  possible  a 

significant  reduction  in  the  resources  required  to  achieve  very  low  blocking  probability,  as  well  as  a  large  reduction 
in  the  number  of  output  drivers  required. 

This  research  is  sponsored  by  the  Advanced  Research  Projects  Agency  through  a  contract  with  the  Air  Force  Office 
of  Scientific  Research. 
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Introduction 

The  use  of  arrays  of  reversible  holograms  is  an  attractive  method  to  perform  reconfigurable  free- 
space  interconnections  of  N  inputs  x  N  outputs  high  bit  rate  communication  channels.  Indeed,  when  the 
number  of  channels  N  increases,  holographic  switching  systems  have  in  principle  less  optical  losses  than 
those  based  on  shuttered  geometries  such  as  vector-matrix  or  matrix-matrix  architectures  [1].  All  the 
holographic  switching  system  reported  until  now  are  made  with  a  single  deflection  stage  and  they  are 
therefore  not  suited  to  single  mode  fibre  interconnections  [2-4].  However,  using  single  mode  output  fibres  is 
very  important  because  it  enables  the  insertion  of  single  mode  optical  amplifiers  (either  semi-conductor 
amplifiers  or  doped-fibre  amplifiers)  in  order  to  compensate  the  switching  losses  and  to  realize  quasi¬ 
transparent  sytems  for  cross-connects  applications. 

This  paper  deals  with  the  realization  of  a  two-stage  holographic  reconfigurable  interconnection 
system,  which  has  been  designed  to  connect  two  linear  arrays  of  16  single  mode  fibres.  We  report  here  on 
the  main  issues  relative  to  the  system  design  and  give  first  results  concerning  two  key  aspects  of  the  system 
performance,  namely  the  possibility  of  an  accurate  collimation  of  the  beams  to  be  deflected  and  the  fibre  to 
fibre  loss  after  diffraction  by  two  successive  holograms.  Complete  system  characterizations  will  be  presented 
during  the  conference. 

System  design 

System  capacity 

The  capacity  of  a  N  x  N  holographic  switching  system  based  on  two  arrays  of  holograms,  (where 
each  zone  within  the  arrays  is  associated  to  a  particular  collimated  beam  issued  from  a  single  mode  fibre)  is 
essentially  governed  by  the  available  spatial  frequency  range  of  the  holograms  and  the  propagation  of  a 
gaussian  beam.  These  two  constraints  yields  a  relationship  between  the  size  of  the  hologram  array  and  N 
which  takes  the  form  N  =  (l/A.)  k^  Fg  h,  when  the  hologram  array  is  a  square  one  with  a  side  h  and  N  =  (1/X)  k 
F|  when  this  array  is  a  linear  one  of  length  h.  In  these  expressions  X  is  the  operating  wavelength  of  the 
switch,  k  is  a  "filling  factor"  of  the  hologram  array  (ratio  of  the  1/e  beam  diameter  over  the  pitch  of  the 
holograms),  Fg  and  F|  are  geometrical  factors  which  depend  on  the  beam  angle  of  incidence  0  and  on  the 
minimum  and  maximum  grating  periods  (P^jp,  Pmax)-  T^ble  1  shows  the  size  of  a  128  x  128  switching 
system  with  square  matrices  for  different  values  of  (Pmin.  Pmax)’  ^  normal  incidence  and  k  =  0.5.  These 
grating  period  values  correspond  either  to  standard  holographic  recording  materials  like  photothermoplastics 
(in  particular  P^ip  =  4  pm  and  P^gx  =  6  pm  correspond  to  the  devices  which  we  are  using)  or  to  lower 
resolution  devices  such  as  optically  addressed  liquid-crystal  spatial  light  modulators.  We  consider  that  Pp^g^ 
=  2  P„jp  to  avoid  overlapping  with  second-order  diffracted  beams. 


(^min’  ^max) 

(pm) 

matrix  side 
(mm) 

intermatrix  distance 
(mm) 

dispersion-limited  capacity 

(2.4) 

5.3 

22.1 

260 

(4,6) 

17.2 

296 

230 

(5,10) 

26.3 

403 

506 

(10,20) 

31.2 

1000 

538 

(20,40) 

62.4 

4056 

549 

Table  1 

128  x128  holographic  switching  system  dimension  and  maximum  capacity 
for  different  grating  period  ranges 


When  h  increases,  the  maximum  capacity  is  limited  by  the  hologram  dispersion.  In  a  two-deflection- 
stage  system  the  dispersions  of  the  two  successive  holograms  compensate  each  other.  However,  the  finite 
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size  of  the  second  hologram  limits  the  acceptable  wavelength  dispersion.  Table  1  gives  also  the  highest  N 
value  compatible  with  the  dispersion  limit  under  the  following  hypothesis:  the  wavelength  dispersion  is  lower 
than  ±  1  nm  and  the  deflected  beam  position  variation  is  kept  within  10%  of  the  hologram  pitch.  The  results  of 
table  1  show  that  it  is  important  to  use  high  resolution  {<10  pm)  hologramms  in  order  to  keep  the  size  of  the 
systems  within  reasonnable  limits. 

The  implementation  of  a  complete  interconnection  system  requires  the  realization  of  an  array  of 
collimated  beams  by  assembling  an  array  of  single  mode  fibres  with  a  microlens  array.  The  realization  of  2D 
single  mode  fibre  arrays  is  a  very  difficult  issue,  even  though  promising  results  have  been  recently  reported 
[5].  We  have  therefore  decided,  for  a  first  demonstration,  to  simply  consider  a  ID  system,  which  yields  a 
reduced  capacity  when  compared  to  a  2D  system.  There  are  different  possible  configurations  for  the  linear 
hologram  arrays  in  a  ID  system.  We  have  selected  a  "vertical"  one,  where  the  direction  of  the  two  arrays  is 
perpendicular  to  the  mean  grating  vector  direction,  instead  of  an  “horizontal"  one,  where  the  two  arrays  and 
the  grating  vectors  are  parallel.  This  configuration  provides  the  highest  capacity  when  taking  into  account  the 
limited  spatial  bandwidth  of  the  holograms.  This  is  illustrated  in  figure  1  where  both  configurations  are 
compared.  The  dispersion  limit  is  defined  as  in  table  1 . 


Figure  1 

Capacity  of  an  holographic  switching  system  based  on  linear  hologram  arrays 

Fmand 

We  have  choosen  photothermoplastic  devices  for  the  hologram  arrays.  These  devices  are  difficult  to 
operate  because  they  require  an  accurate  control  of  their  recording  parameters  (Corona  voltage  and  heating 
current)  and  have  a  limited  cycling  capability  [6].  However,  their  performances  in  terms  of  diffraction 
efficiency  at  telecommunication  wavelength  and  resolution  are  still  much  better  than  those  of  any  other  spatial 
light  modulator:  we  have  obtained  a  diffraction  efficiency  higher  than  20%  (at  1.3  pm)  for  an  optimum  5  pm 
grating  period  p']. 

For  the  system  design  we  assume  a  grating  period  range  of  4  to  6  pm.  This  yields,  according  to 
figure  1,  a  maximum  capacity  of  22  for  an  array  size  of  12  mm.  In  this  case  the  inter-array  distance  is  about 
50  mm.  We  have  decided  to  realize  a  16  x  16  interconnection  system,  with  an  hologram  pitch  of  750  pm  (the 
size  of  each  hologram  being  650  x  650  pm^).  The  two  arrays  are  situated  on  a  common  glass/ITO  substrate. 
The  distance  between  these  arrays  is  4.5  mm.  An  intermediate  mirror  allows  to  direct  the  diffracted  beams 
emerging  from  the  first  array  towards  the  second  one.  The  substrate  to  mirror  distance  is  25  mm. 

Optical  addressing  system 

The  interconnection  holograms  are  programmed  through  an  optical  addressing  system  which  has 
been  derived  from  an  original  proposition  by  Mikaelian  and  Salakhutdinov  [4].  This  system,  which  is  entirely 
made  with  commercial  devices,  is  represented  on  figure  2;  it  involves  a  100  mW  diode-pumped  doubled  YAG 
laser  and  two  bi-dimensionnal  deflection  systems.  The  first  one  is  based  on  acousto-optic  deflectors  (whith  a 
250  X  250  resolution)  and  performs  the  control  of  the  grating  period  by  mean  of  a.  beam  duplication  optics. 
The  second  allows  to  select  what  hologram  is  to  be  exposed.  Such  system  based  on  a  localized  exposition 
of  the  holograms  is  much  more  efficient  in  terms  of  optical  power  than  those  where  the  holographic  plane  is 
completely  illuminated  [2,3].  Moving  mirrors  are  used  for  this  deflection  system  because  of  the  relatively  large 
pupil  (20  X  20  mm^).  The  stability  and  response  time  of  both  deflection  systems  have  been  characterized  by 
injection  measurements  of  the  deflected  beams  into  532  nm  single  mode  fibres.  The  response  time  of  the 
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moving  mirror  system  is  lower  than  2  ms.  The  reconfiguration  time  for  one  interconnection  (corresponding  to 
two  hologtams)  is  shorter  than  10  ms  [7],  We  expect  the  global  reconfiguration  time  (for  the  32  holograms)  to 
be  shorter  than  100  ms.  This  is  less  than  32  times  a  single  hologram  recording  because  the  larger  part  of  the 
elementary  photothermoplastic  recording  cycle  (5  ms  Corona  charge)  can  be  performed  in  parallel.  The 
dimension  of  the  set-up  is  120  cm  x  75  cm. 


I _ 

Laser  (  532  nm  ) 


Control  unit 


Figure  2 

Optical  addressing  system  for  the  recording  of  the  interconnection  holograms. 

Connection  losses 

As  already  noted,  one  of  the  most  critical  issues  which  limits  the  theoretical  and  practical 
performances  of  such  an  interconnection  system  is  the  possibility  of  an  accurate  collimation  of  the  beams  to 
be  deflected.  We  have  realized  this  function  by  using  linear  arrays  of  fibres  placed  in  silicon  V  grooves  and 
SMILE™  microlens  arrays  from  Corning.  These  lenses  have  a  700  pm  diameter  and  a  f  =  2.9  mm  focal 
length.  The  maximum  propagation  distance  of  a  nearly  1.32  pm  collimated  beam  issued  from  a  single  mode 
fibre  with  beam  radius  4.5  pm  is  expected  to  be  [8]  about  f^/zp  =  18  cm  (zp  is  the  Rayleigh  distance).  We 
have  performed  coupling  maesurements  between  two  arrays  of  16  single  mode  fibres  with  these  microlenses 
for  different  interconnection  distances  d.  We  have  inserted  a  -1m  focal  length  diverging  lens  between  the  two 
arrays  to  compensate  what  seems  to  be  a  residual  curvature  defect  arising  from  the  lens  array  fabrication 
process.  The  results  are  shown  in  figure  3  for  d  =  8  and  11  cm.  The  mean  coupling  losses  are  respectively 
5.3  and  5.8  dB. 


3  4  5  6  7  8  9 


Coupling  loss  (dB) 

Figures 

Histogram  of  coupling  loss  for  each  of  the  16  free-space  links 
(distance  between  microlenses  =  8  cm  (in  black)  and  1 1  cm  (in  grey)) 
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These  results  can  be  improved  because  the  highest  losses  are  due  to  the  some  mispositionning 
(about  2  pm)  of  the  extreme  fibres  in  the  arrays  while  more  recent  arrays  show  a  submicron  accuracy.  On  the 
other  hand,  the  choice  of  larger  aperture  lenses  would  reduce  the  klipping  phenomena  that  occurs  in  our  set¬ 
up  and  yield  lower  losses  and  a  propagation  distance  closier  to  the  theoretical  limit.  Whatever,  the  distance 
that  we  have  achieved  meets  the  requirements  of  the  interconnection  system  design  and  is,  to  our 
knowledge,  significantly  longer  than  previously  published  datas  (1  cm  and  2.5  dB  losses)  [9].  With  optimized 
devices  we  believe  that  all  the  connection  losses  can  be  smaller  than  6  dB. 

Before  the  assembly  of  the  complete  system,  we  have  measured  the  fibre-to-fibre  loss  through  two 
interconnection  grating.  In  this  case,  the  beam  collimation  was  performed  using  microscope  objectives.  We 
obtained  an  overall  loss  of  18  dB  (4.4  dB  for  coupling  losses  and  13.6  dB  for  diffraction  losses).  The  grating 
diffraction  efficiencies  for  this  connection  were  more  than  20%.  If  we  assume  in  the  final  system  a  minimum 
diffraction  efficiency  of  12%  and  6  dB  coupling  losses,  the  total  losses  should  be  approximately  25  dB. 

Discussion 

The  resolution  of  this  system  is  significantly  higher  than  the  number  of  different  holograms  that  are 
necessary  to  perform  all  the  interconnections  (31).  This  additionnal  degree  of  freedom  may  be  used  to 
compensate  residual  misalignements  of  the  set-up;  it  may  also  serve  to  match  the  grating  spacing  to  the 
different  input  wavelengths  (of  couse  the  wavelength  dispersion  for  each  channel  should  still  be  limited  to  a 
few  nanometers).  Moreover,  we  can  note  that,  if  the  linear  hologram  and  fibre  arrays  would  be  replaced  by 
square  ones  (with  higher  theoretical  capacity),  the  size  of  the  addressing  system  would  be  practically 
unchanged. 

Presently  the  reconfiguration  speed  of  the  interconnections  is  mainly  limited  by  the  speed  of  the 
galvanometer  deflectors.  These  deflectors  could  be  replaced  in  the  future  by  electrically  addressed  spatial 
light  modulators  using  ferroelectric-liquid  crystals.  This  would  yield  an  architecture  comparable  to  the  one  of 
[1]  where  a  low-resolution  electrically  addressed  spatial  light  modulator  is  used  to  control  an  high-resolution 
optically-addressed  one  using  spatial  multiplexing.  In  our  case  the  difference  of  resolution  is  compensated  by 
the  time-multiplexed  reconfiguration  procedure.  With  such  a  faster  addressing  system,  the  overall 
reconfiguration  time  should  be  limited  by  the  recording  time  of  one  hologram  (about  10  ms). 

Whatever,  the  optical  addressing  system  represents  most  of  the  overall  system  volume,  even  with  2D 
hologram  arrays.  A  more  sophisticated  engineering  of  the  optical  system  could  reduce  this  volume.  The  use 
of  electrically  addressed  spatial  light  modulators  is  the  only  solution  to  completely  avoid  this  drawback. 
These  devices  could  be  competitive  in  the  future  if  their  resolution  becomes  higher  than  100  mm'''  for  a 
diffraction  efficiency  at  telecommunication  wavelength  at  least  in  the  10  to  20%  range. 

Conclusion 

We  have  presented  the  first  realization  of  a  16  x  16  two-stage  holographic  interconnection  system 
based  on  photothermoplastic  holograms  and  its  optical  addressing  system.  The  diffraction  efficiency  of  the 
holograms  can  be  higher  than  20%  at  1.3  pm.  We  have  shown  that  the  beams  issued  from  linear  arrays  of 
single  mode  fibres  can  be  accurately  collimated  over  the  distance  necessary  to  the  system  implementation. 
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Introduction:  Implementation  of  simple  wavelength  converters  can  be  considered  an  enabling 
technology  for  taking  the  full  advantage  of  the  wavelength  dimension  in  wavelength  division 
multiplexed  (WDM)  networks  [1-2].  Therefore,  much  attention  has  been  devoted  to  the  realisation 
of  all-optical  wavelength  converters  relying  on  mechanisms  such  as  cross-gain  modulation  (XGM) 
and  cross-phase  modulation  (XPM)  in  semiconductor  optical  amplifiers  (SOAs)  [3-6],  optical 
modulation  of  lasers  [7-9]  and  four-wave-mixing  in  fibers  and  SOAs  [10-11].  In  this  paper, 
applications  as  well  as  desired  features  of  wavelength  converters  are  discussed.  Additionally, 
different  methods  for  wavelength  conversion  will  be  surveyed  with  emphasis  on  all-optical 
wavelength  conversion  by  XGM  and  XPM  in  SOAs. 

Applications  of  wavelength  converters:  Future  optical  networks  are  expected  to  exploit  the 
wavelength  dimension  in  two  conception  ally  different  ways:  (i)  to  perform  routing  functions  either 
internal  in  switches  or  in  wavelength  routed  networks,  or  (ii)  simply  as  a  transport  resource 
without  any  end-to-end  significance  of  the  actual  wavelength  (strictly  wavelength  multiplexing). 
In  such  networks,  wavelength  converters  can  efficiently  be  used  to  accomplish  the  following 
functions: 

•  Re-use  of  wavelengths  in  wavelength  routed  networks  [2] 

•  Avoid  wavelength  blocking  in  WDM  cross-connects  [2] 

•  Dynamic  routing  in  switches  (together  with  optical  filters)  [2,12] 

•  Address  free-space  in  optical  buffers  [12-13] 

•  Decentralise  network  management  (no  global  wavelength  assignment)  [1] 

An  example  of  a  WDM  cross-connect  utilising  wavelength  converters  is  shown  schematically  in 
Fig.  1.  Here,  the  wavelength  converters  have  two  different  functions:  the  input  converters 
perform  space  routing  (together  with  the  tunable  filters  at  the  outputs),  whereas  the  output 
converters  are  used  to  avoid  wavelength  blocking  when  channels  are  multiplexed. 

The  requirements  to  the  performance  of  the 

wavelength  converters  are  application 

dependent.  For  example,  all  the  converters 

n fibers  used  in  the  WDM  cross-connect  (Fig  .1) 

have  fixed  output  wavelengths,  while 

^1 . tunability  is  required  for  other  applications 

[2,12],  Furthermore,  the  input  converters  in 

the  WDM  cross-connect  have  known  input 

Fig.  1  WDM  cross-connect  utilising  optical  wavelengths,  whereas  the  output  converters 

wavelength  converters  (OWCs)  for  routing  ,  i  i  i  -  r 

(input-converter)  and  to  avoid  blocking  must  be  able  to  handle  a  given  range  of 

(output-converters)  when  channels  are  input  wavelengths.  Moreover,  the  input 

multiplexed.  TOF:  tunable  optical  filter.  converters  must  be  insensitive  to  the 

polarisation  of  the  input  signal.  In  general,  the  following  features  of  wavelength  converters  are 
desired: 
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•  Bit-rate  transparent  (up  to  10  Gbit/s) 

•  No  extinction  ratio  degradation 

•  High  signal-to-noise  ratio  at  the  output  (to  ensure  cascadability) 

•  Moderate  input  power  levels  (-0  dBm) 

•  Large  wavelength  span  for  both  input  and  output  signals 

•  Low  chirp 

•  Fast  set-up  time  of  output  wavelength 

•  Polarisation  insensitive  to  input  signal 

•  Simple  implementation 

•  Possibility  for  same  input  and  output  wavelengths  (no  conversion) 

Wavelength  conversion  by  XGM  in  SOAs: 

Cross-gain  modulation  in  SOAs  is  a  simple 
scheme  for  wavelength  conversion  as  shown 
schematically  in  Fig.  2.  The  optical  input 
signal  to  be  wavelength  converted  modulates 
the  SOA-gain  by  saturation  and,  conse¬ 
quently,  modulates  the  gain  experienced  by  a 
CW  signal  at  the  desired  new  wavelength. 

Very  importantly,  the  conversion  is  independ¬ 
ent  of  the  polarisation  of  the  incoming  signal  since  the  SOA  gain  is  polarisation  insensitive.  The 
maximum  bit  rate  that  can  be  converted  is  determined  by  the  gain  dynamics  of  the  SOAs. 
Operating  at  high  optical  power  levels  (--1  mW)  and  at  high  bias  current,  conversion  of  20  Gbit/s 
data  is  possible  [4-5].  Examples  of  10  Gbit/s  converted  pulse  patterns  and  the  corresponding  BER 
performance  are  shown  in  Fig.  3  for  conversion  from  1560  to  1553  nm. 

The  conversion  can  be  performed  over  the  entire  gain  bandwidth  of  the  SOA  (i.e.,  40-50  nm),  but 
the  best  results  are  obtained  going  from  longer  to  shorter  wavelengths  because  the  differential 
gain  is  largest  at  the  short  wavelength  side  of  the  gain  peak  [4].  Furthermore,  XGM  results  in 
converted  data  that  are  inverted  compared  to 
the  input  data  (see  Fig.  2).  Since  conversion 
based  on  XGM  implies  a  large  carrier  density 
modulation  to  achieve  an  acceptable  extinc¬ 
tion  ratio  for  the  converted  signals,  and 
because  the  refractive  index  in  the  SOA 
depends  on  the  carrier  density,  XGM  results 
in  significant  chirp  (phase  modulation)  of  the 
converted  signal  (typically  30-40  GHz  at 
10  Gbit/s).  This  chirp  will  prevent  converted 
high  bit-rate  signals  to  be  transmitted  over 
non-dispersion  shifted  fiber  and  might,  more¬ 
over,  introduce  excess  cross-talk  to  neighbour 
channels  when  passing  optical  filters/demulti¬ 
plexers. 

Wavelength  conversion  by  XPM  in  SOAs:  The  dependency  of  the  refractive  index  on  the 
carrier  density  and  hence  an  optical  input  signal  can  be  used  to  perform  wavelength  conversion 
based  on  cross-phase  modulation  (XPM).  To  make  use  of  the  XPM,  the  SOAs  have  to  be  placed  in 
an  interferometric  configuration  as,  e.g.,  a  Mach-Zehnder  interferometer  (MZI)  [3]  or  a  Michelson 
interferometer  (MI)  [6]  (see  Fig.  3). 


Fig.  3  Pulse  patterns  for  a  10  Gbit/s 
converted  signal  and  input  signal  as 
well  as  corresponding  BER. 


Wavelength  converter 
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Fig.  2  Schematic  of  wavelength  conversion  by 
XGM  in  SOAs 
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The  advantage  of  XPM  compared 
to  XGM  is  that  conversion  to 
longer  and  shorter  wavelengths 
give  equal  performance,  because 
the  differential  refractive  index  is 
almost  wavelength  independent. 
Furthermore,  with  XPM  the 
converted  signal  is  not  inverted 
and  the  chirp  is  very  small  as 
reported  in  [6].  Monolithically 
integrated  SOA-MI  and  SOA-MZI 
are  described  in  [6,3],  therefore 
only  representative  results  are 
given  here.  As  examples  of  the 
excellent  performance  of  the 
interferometric  converters.  Fig.  5 


Fig.  4  Schematic  of  interferometric  converters:  (A)  SOA- 
MI  and  (B)  SOA-MZI,  and  (C)  operation  principle. 
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conversion  of  10  Gbit/s  data  .  B)  Eye  diagram 
for  converted  data  (1550  to  1560  nm). 


shows  the  measured  penalty  for  the  case  of  up-  and 
down-conversion  of  10  Gbit/s  data  with  an  integrated 
SOA-MI.  Note  that  virtually  penalty-free  conversion 
is  achieved  over  35  nm.  The  figure  also  shows  a 
measured  eye-diagram  for  conversion  from  1550  to 
1560  nm.  Finally,  it  should  be  emphasised,  that 
converters  based  on  XPM  can  easily  be  cascaded 
because  of  both  the  high  extinction  ratio  and  a  high 
signal-to-noise  ratio  for  the  converted  signals  [6]. 

Summary:  The  emergence  of  practical  optical  wave¬ 
length  converters  will  have  a  large  impact  on  future 
networks,  since  they  will  allow  the  full  exploitation 
of  the  wavelength  dimension.  Both  XGM  and  XPM 
in  SOAs  are  very  promising  techniques  for  realisa¬ 
tion  of  such  practical  wavelength  converters. 
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Summary:  Future  broadband  networks  are  expected  to  utilise  WDM  and  optical 
switching  to  increase  the  network  capacity  and  flexibility  [l]-[3].  Furthermore,  ATM  is 
selected  as  standard  for  future  broadband  services,  hence,  optical  packet/ATM  switches 
[4,5]  for  WDM  networks  are  of  considerable  interest.  Of  major  concern  for  such  all 
optical  switches  is  the  optical  buffering  as  well  as  the  complexity  of  the  space-switch 
block  addressing  the  optical  buffers.  We  show,  that  by  implementing  tuneable  optical 
wavelength  converters  (TOWC)  the  number  of  delay-lines  in  the  buffer  can  be  reduced 
and  thereby  also  the  size  of  the  space-switch  block.  Based  on  measured  features  for 
semiconductor  optical  amplifier  (SOA)  gates  that  are  used  to  build  the  space-switch,  we 
predict  that  a  16x16  switch  with  4  or  8  wavelength  channels  is  feasible. 


niwiiiY  Wavelength 


Fig.l:  WDM  packet  switch  utilising  tuneable 
optical  wavelength  converters  (TOWC)  to 
reduce  the  switch  complexity. 


Fig. 2:  Cell  loss  probability  versus 
the  number  of  fiber  delay-lines,  B/n,  for  a 
16x16  switch  with  a  load  of  0.8  Erlang  and 
with  the  number  of  wavelengths,  n,  as 
parameter. 


The  general  WDM  packet/ATM  switch  considered  here  is  shown  in  Fig.  1.  It  consists  of 
three  main  blocks:  1)  The  cell  encoder  where  a  demultiplexer  selects  the  cells  arriving  at 
n  fixed  wavelengths  A,i,...,X,n  and  TOWC's  address  free  space  in  the  fiber  delay-line 
output  buffers;  2)  A  space-switch  to  access  the  buffers;  3)  Cell  buffers,  that  are  realised 
by  fiber  delay-lines.  As  seen  from  the  figure,  the  size  of  the  space-switch  is  nN-N(B/n+l) 
where  B  is  the  number  of  cell  positions  in  the  buffer,  n  the  number  of  wavelengths,  N  the 
number  of  in-  and  out-lets  and  B/n  the  number  of  fiber  delay-lines. 
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To  decrease  the  complexity  of  the  switch  the  number  of  delay-lines  should  be  reduced. 
This  can  be  obtained  by  using  wavelength  converters  as  clearly  illustrated  in  Fig.  2  that 
gives  the  calculated  cell  loss  probability  (CLR)  versus  the  number  of  delay-lines,  B/n. 
Results  are  shown  for  a  16x16  switch  (N=16)  with  a  load  of  0.8  Erlang  for  each  of  the  n 
wavelength  channels  per  inlet.  Assuming  uniform  traffic,  the  required  number  of  delay¬ 
lines  are  12  and  6  (@  CLR=10-iO)  for  n=4  and  n=8  wavelengths,  respectively,  while 
without  converters  47  delay-lines  are  required  independent  of  the  wavelength  number, 
n.  Since  the  size  of  the  space  switch  is  nN-N(B/n+l),  these  values  demonstrate  that  the 
switch  capacity  can  be  increased  linearly  with  n  without  increasing  the  space-switch 
complexity  when  using  TOWC's,  whereas  without  TOWC's  the  space-switch  grows 
linearly  with  the  number  of  wavelengths. 


CELLENCODER  SPACE  SWITCH  CELL  BIFFER 


Fig.3:  WDM  packet/ATM  switch  where  the  space  switch  is  build  from  SOA-gates  and  the  buffer 
is  realised  by  fiber  delay-lines. 

Strong  candidates  for  the  TOWC's  are  interferometric  converters  as  well  as  converters 
based  on  cross  gain  modulation  [6].  Obviously,  a  critical  part  of  the  packet/ATM  switch 
in  Fig.  1  is  the  space-switch  block  which  could  be  build  using  SOA-gates  [7]  that  offer 
loss  compensation,  nsec  switching  times  and  polarisation  insensitivity.  The 
implementation  of  the  space  switch  is  shown  in  Fig.  3  where  also  the  fiber  delay-line 
based  cell  buffers  are  shown.  Note  that  this  switch  configuration  is  capable  of 
multicasting,  since  if  more  gates  at  an  input  are  opened  at  the  same  time,  a  cell  can  be 
distributed  to  more  outlets. 

Based  on  measured  data  for  a  SOA-gate,  Fig.  4  shows  that  a  16x16  switch  with  4  or  8 
WDM  channels  per  port  and  with  bit  rates  of  10  Gb/s  are  possible  for  the  proposed 
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configuration.  In  the  figure,  the  resulting  power  penalty  is  shown  versus  the  output 
power  of  the  TOWC's  with  the  niunber  of  wavelengths  as  the  parameter.  A  minimum 
penalty  with  respect  to  the  output  power  is  observed:  at  low  output  power  levels  the 
penalty  is  caused  by  a  low  signal  to  noise  ratio  while  the  penalty  at  high  power  levels  is 
due  to  the  extinction  ratio  degradation  resulting  from  the  gain  non-linearities  of  the 
SOA-gate.  Finally,  it  is  noted  that  the  penalty  increases  with  n  since  the  number  of  open 
gates  that  contribute  to  spontanous  emmision  increases.  The  measvu-ed  parameters  used 
in  the  model  are  detailed  in  the  figure  caption  of  Fig.  4. 


Fig.4  :  Power  penalty  (@  CLR^IO'^®)  versus  TOWC  output  power  for  a  16x16  switch,  n  is  the 
number  of  wavelengths  (channels)  per  inlet.  The  channel  bit  rate  is  10  Gb/s  and  the  signal 
extinction  ratio  at  the  input  is  11  dB.  The  SOA-gates  are  characterised  by  noise  figures  of  7  dB, 
on-state  gain  of  24  dB  and  the  gain  non-linearities  of  the  gates  are  included  in  the  model.  The 
on/off  ratio  of  the  gates  is  assumed  to  be  40  dB  which  is  realistic  for  guard  bands  of  1-2  nsec. 


In  summary,  the  use  of  wavelength  converters  is  a  tool  to  reduce  the  switch  complexity 
resulting  in  a  nearly  constant  size  of  the  space-switch  for  the  proposed  configuration. 
Calculations  based  on  measured  data  indicate  that  a  16x16  switch  using  4  or  8 
wavelengths  channels  is  realistic  with  a  space-switch  block  constructed  from  SOA-gates. 
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Introduction 

For  WDM  systems,  tunable  optical  filters  have  been  actively  studied.  [1] 

Most  tunable  filters  can  select  only  one  wavelength  at  a  time,  the  tuning  speeds 
are  as  slow  as  1  -  100  ms,  and  they  need  wavelength-stabilizing  circuits.  For 
communication  switching,  filters  are  thus  required  that  can  select  several 
wavelengths  simultaneously,  and  can  switch  quickly  without  stabilization.  To 
meet  these  requirements,  we  have  studied  a  novel  multi-channel  filter  consisting 
of  a  birefringent  planar  optical  platform. 

Structure  and  Principle 

(a)  Birefringent  planar  optical  platform 

The  basic  structure  of  the  birefringent  planar  optical  platform  we  used  is 
shown  in  Fig.  1(a).  A  layer  of  calcite  is  sandwiched  by  X/4  plates,  and  again  by 
highly  reflective  dielectric  mirrors.  The  optical  beam  propagates  towards  the  right 
via  multiple  reflections.  The  dependence  of  the  light  intensity  on  the  channel 
number  is  shown  in  Fig.  2.  The  simulation  result  is  also  shown.  When  mirrors 
with  reflectivity  of  99.5%  are  used,  the  channel  where  the  light  intensity  decrease 
was  -3  dB  is  as  far  as  No.  22.  Thus,  the  loss  of  the  birefringent  planar  optical 
platform  is  smaller  than  that  of  a  glass  optical  platform.  [2] 

We  next  insert  a  liquid-crystal  (LC)  cell  between  the  calcite  plate  and  the 
Au  mirror  as  a  polarization  controller,  as  shown  in  Fig.  1(b).  On  one  side  is  an 
indium-tin-oxide  (ITO)  transparent  striped  electrode  and  on  the  other  side  is  an 
Au  mirror/electrode.  Thus  at  the  reflection  points,  the  propagation  direction  can 
be  switched  by  changing  the  polarization  of  the  beam.  An  optical  beam  is 
reflected  back  in  the  case  of  channels  having  a  phase  retardation  of  nil. 

(b)  Multi-channel  filter 

A  thin-film  interference  filter  is  inserted  between  the  X/4  plate  and  the  LC 
layer,  as  shown  in  Fig.  3(a).  This  filter  is  assumed  to  have  a  sharp  transmission 
peak  and  to  reflect  the  non-peak  wavelengths.  The  transmission  peak 
wavelengths  are  location-dependent  (1  nm/mm).  When  wavelength-division 
multiplexed  light  (ki-  kn)  is  input  into  the  calcite  plate,  the  light  beam 
propagates  straight  to  point  B.  At  B,  the  light  beam  passes  through  the  filter 
while  light  beams  with  other  wavelengths  are  reflected  up  to  point  C.  The  \  1 
beam  passes  through  the  k/4  plate  and  the  LC  layer.  If  the  LC  layer  does  not 
change  its  polarization,  it  propagates  up  to  point  C.  If  its  polarization  is  rotated 
by  90°,  it  returns  to  point  A.  The  ratio  of  light  propagating  to  points  A  and  C  can 
be  controlled  by  changing  the  voltage  applied  to  the  LC  layer.  By  separating  the 
light  beams  returning  to  point  A  with  a  circulator,  a  reflection-type  multi-channel 
selector  can  be  obtained. 

The  structure  of  Fig.  3(a)  is  a  reflection-type  filter,  which  needs  the 
circulator.  A  transmission-type  multi-channel  filter,  which  does  not  need  the 
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circulator,  can  also  be  made  according  to  a  similar  principle.  Its  structure  is 
shown  in  Fig.  3(b).  Two  calcite  plates  sandwiched  by  X/4  plates  are  stacked,  with 
an  LC  layer  sandwiched  by  thin-film  interference  filters  between  them.  They  are 
again  sandwiched  by  two  dielectric  mirrors.  The  light  is  input  at  point  A  and  is 
output  at  point  X  and  Y.  The  output  X  is  complementary  to  the  output  Y. 
Performance  of  a  multi-channel  filter  module 

The  calcite  plates  were  9.93-mm  thick,  so  the  channel  pitch  was  1  mm.  The 
wavelengths  of  the  thin  film  interference  filters  are  stable,  dependent  on  their 
location;  their  distance  dependence  is  about  1.0  nm/mm.  The  full-width  at  half 
maximum  was  about  1  nm  and  their  loss  was  1  dB.  They  were  cemented  by 
adhesive  with  good  parallelism.  The  fabrication  was  easy.  The  pigtail  module  of 
the  transmission-type  multi-channel  filter  is  shown  in  Fig.  4.  The  output  spectra 
at  the  point  Y  are  shown  in  Fig.  5;  the  left  figures  correspond  to  one  or  multi¬ 
wavelength  selection,  and  the  right  figures  correspond  to  multi-wavelength 
selection  with  an  arbitrary  transmission.  The  transmittance-type  filter  had 
smaller  crosstalk:  less  than  -18  dB.  Its  loss  from  the  input  fiber  to  the  output  fiber 
was  about  10  dB. 

The  nematic  LC,  which  was  used  in  the  experiment,  was  useful  because  it 
can  continuously  tune  the  phase  retardation,  but  its  tuning  speed  was  as  slow  as 
10  ms.  We  also  used  ferroelectric  LC  (FLC)  cells,  and  the  channel  switching  speed 
was  improved  as  high  as  100  [xs. 

Summary 

We  designed  and  tested  multi-channel  optical  filters.  They  consist  of  thin- 
film  interference  filters,  birefringence  plates,  X/4  plates,  mirrors,  and  liquid-crystal 
layers.  They  utilized  the  multi-reflection  properties  of  optical  beams  in  the 
birefringence  optical  platforms  sandwiched  by  the  X/4  plates  and  mirrors.  We 
demonstrated  the  feasibility  of  a  seven-channel  filter.  These  filters  have  stable 
wavelengths,  can  select  wavelengths  without  stabilizing  circuits,  can  select 
arbitrary  channels  with  arbitrary  transmittance,  and  have  a  high  switching  speed. 
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(a)  Birefringent  optical  platform.  (b)  Liquid-crystal  layer  inserted 

The  optical  beatu  propagates  to  between  the  X/4  plate  and  the 

the  right  via  multiple  reflections.  mirror  as  a  polarization  controller. 

Fig.1  Structure  and  Principle  of  the  birefringent  planar  optical  Platform 
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Ultra-high-speed  optical  time-division  multiplexed  systems,  operating  at  single  stream 
rate  of  100  Gbps,  may  offer  important  operating  advantages  over  other  multiplexing 
schemes.  These  advantages  include  increased  "intelligence"  within  the  network  to 
perform  dynamic  routing  which  enables  packet  service  and  truly  flexible  bandwidth  on 
demand.  Transmission  limitations  and  the  availability  of  key  technologies  impact  the 
system  architectures  and  operating  performance  which  can  be  expected  from  these 
systems.  In  this  talk,  we  present  recent  developments  in  the  architecture  and  technology 
for  ultra-high-bit-rate  networks. 

Figure  1  shows  a  strawman  architecture  we  use  to  guide  our  technology  and  architecture 
development.  High-end  single  users,  as  well  as  aggregates  of  lower  speed  users  form  a 
network  with  a  single-stream  operating  speed  of  =100  Gbps.  These  systems  are  targeted 
to  provide  packet  service.  Transmission  limitations  in  optical  fiber  may  practically  limit 
these  systems  to  geographical  spans  on  the  order  of  hundreds  of  kilometers.  Five  main 
subsystem  functions  are  required  to  enable  this  type  of  a  system  including  transmission, 
synchronization,  multiplexing  and  demultiplexing,  packet  header  processing,  and  an  all- 
optical  gateway  to  provide  access  to  wider-area  transmission.  Several  key  technologies 
support  these  functions  including  short  pulse  sources,  clock  recovery,  soliton 
transmission,  optical  buffers,  and  pulse-width  and  wavelength  converters. 

We  will  present  recent  results  on  high-speed  soliton  transmission  simulations  and 
experiments.  We  have  developed  a  100  Gbps  soliton  compression  source  which  produces 
picosecond  transform-limited  pulses  with  low  timing  jitter.  The  source  is  tunable  in 
repetition  rate,  and  we  have  demonstrated  an  optical  phase-lock  loop  to  provide 
picosecond-accuracy  synchronization.  The  clock  recovery  we  have  constructed  allows 
simultaneous  all-optical  modulation  or  demultiplexing  within  the  access  node.  Optical 
buffers  are  being  developed  to  eventually  provide  for  asynchronous  access  in  these 
systems.  We  describe  an  optical  fiber  loop  memory  that  stores  a  1.7  kilobit  pattern  at  20 
Gbps,  for  periods  of  over  1  hour.  We  also  show  an  all-optical  pulse  width  and 
wavelength  converter  that  converts  signals  compatible  with  local  100  Gbps  transmission 
to  signals  compatible  with  long-haul  transmission.  The  technologies  we  describe 
represent  an  important  first  step  towards  eventual  system  demonstrations. 
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Figure  1.  Strawman  architecture. 


All-Optical  Self-Routing  Switch  Using  a  Nonlinear 
InGaAs/InAlAs  MQW  Waveguide 


PWE5-1  /  47 


T.  Kanetake 

Advanced  Research  Laboratory,  Hitachi  Ltd., 
Hatoyama,  Saitama  350-03,  Japan; 

S.  Tanaka,  and  H.  Inoue, 

Central  Research  Laboratory,  Hitachi  Ltd., 
Kokubunji,  Tokyo  185,  Japan. 


1.  Introduction 

Intelligent  society  demands  diverse  communication  services  such  as  the  telephone,  facsimile 
and  the  high  definition  TV.  To  improve  flexibility  and  efficiency  of  the  transmission  system 
under  these  diverse  demands.  Asynchronous  Transfer  Mode  will  be  installed  as  a  new  standard 
method.  In  this  mode,  information  is  divided  into  many  cells  of  a  constant  bit-length  with 
headers.  Each  cell  chooses  its  own  route  by  itself,  depending  on  address  information  in  its 
header.  To  realize  ATM  network  for  massive  demands  in  future,  optical  communication 
technology  will  be  applied.  For  this,  an  all-optical  self-routing  switch,  which  changes  signal 
route  by  address  information  on  optical  signal  itself,  is  strongly  required.  Figure  1  shows  our 
approach  to  realize  this  switch.  That  is  a  Mach-Zehnder  interferometer  with  nonlinear  optical 
medium  inserted  into  one  arm.  An  address  light,  whose  wavelength  is  slightly  different  from  that 
of  a  signal  light,  controls  the  phase  status  of  the  interferometer  through  the  refractive 
nonlinearity.  Therefore,  it  also  controls  which  output-port  a  signal  cell  passes  through. 

The  large  refractive  nonlinearity  in  semiconductor  quantum  wells  tU  is  attractive  for  this 
switch.  However,  much  less  study  has  been  made  on  feasibility  of  the  MQW  in  the  1.5-1.6iJ.m 
wavelength  region.  For  the  first  time,  we  demonstrate  all-optical  switching  operation  of  Mach- 
Zenhder  interferometer  with  a  nonlinear  InGaAs/InAlAs  MQW  waveguide  designed  for  1.55|a.m, 
which  can  open  the  way  to  all-optical  self-routing. 

2.  Result  and  discussion 

A  waveguide  with  a  30-periods  of  intrinsic  InGaAs/InAlAs  (7  nm/7  nm)  MQW  as  a  guide 
layer  was  grown  by  Molecular-Beam  Epitaxy.  Absorption  spectra  of  it  exhibit  clear  ei-lhi  and 
ei-hhi  excitonic  resonances  at  1.435  |im  and  at  1.490  p.m,  respectively.  It  indicates  fine 
confinement  of  excitons  into  the  MQW.  The  refractive  nonlinearity  was  evaluated  by  the  change 
in  transmittance  of  a  signal  light  (X,~1.55|j.m)  through  the  Fabry-Perot  Resonator  with  cleaved 
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facets.  Figure  2  shows  the  spectral  change  of  the  FPR  under  various  CW  control  light  (1.48|im) 
power  levels.  The  shift  toward  the  shorter  wavelength  shows  that  the  control-light  decreases  the 
refractive  index.  The  evaluated  phase  shifts  with  the  CW  and  the  pulsed  control-light  are  plotted 
as  a  function  of  the  pump  power  in  the  inset.  A  half  7i  phase  shift,  which  is  required  for  switching 
operation,  occurs  at  3.3mW  of  the  pulsed  control-light  power  at  the  facet. 

Using  these  characterized  waveguides,  we  made  up  a  Mach-Zenhder  interferometer  of  fiber 
optics  to  demonstrate  all-optical  switching  operation  as  the  first  step  for  self-routing. 
Experimental  setup  is  shown  in  Fig. 3  (left).  The  nonlinear  InGaAs/InAlAs  MQW  waveguide 
was  inserted  into  one  arm  of  the  interferometer.  The  pulsed  control  light  (1.48p,m)  modulates  the 
refractive  index  of  the  MQW  waveguide  and  changes  the  optical  path  of  the  signal  light 
(X~1.55|J.m)  from  the  output-port  1  to  the  output-port  2.  Signal  light  was  intensity-modulated  at 
200MHz.  The  pulse  width  of  the  control  light  was  about  30nsec,  which  was  limited  by  the  laser 
diode  used  in  this  experiment.  Figure  3  (right)  shows  the  waveforms  of  the  signal  light,  the 
control  light  pulse,  and  the  light  pass  through  the  output-port  2.  This  result  shows  that  the  signal 
light  passes  through  output-port  2  only  when  the  control  light  pulse  exists  in  the  nonlinear 
waveguide,  indicating  that  the  address  light  controls  the  optical  path  of  signal  cell  as  the  header. 

Switching  power  is  evaluated  to  be  3  mW  at  the  facet  of  the  waveguide.  This  value  coincides 
with  the  value  estimated  from  the  above  result  with  FPR. 

3.  Conclusion 

For  the  first  time,  we  succeeded  in  demonstrating  all-optical  switching  operation  of  Mach- 
Zenhder  interferometer  with  a  nonlinear  InGaAs/InAlAs  MQW  waveguide  designed  for  1.55p.m. 
Switching  occurs  at  3  mW  of  the  incident  control-light  power  into  the  waveguide.  We  convince 
that  such  a  low  power  nonlinearity  will  open  the  way  to  all-optical  self-routing  and  all-optical 
ATM  network. 
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Address 


Fig.L  One  approach  to  realize  all-optical  self-routing  switch.  Nonlinear  optical 
medium  is  inserted  into  one  arm  of  Mach-Zehnder  interferometer.  The  route  of  signal 
cell  is  selected  with  address  light  as  a  header. 


Pump  Power  (mW) 

0  4  8  12 


Wavelength  A.p  (jim) 

rig.2.  Transmission  spectra  of  the  FPR  under  various  optical  pumping  levels.  The 
inset  shows  the  phase  shifts  under  CW  (closed  circle)  and  pulsed  (open  circle)  pumping 
conditions  versus  the  launched  pump  power. 


Fig.3.  Experimental  setup  of  the  nonlinear  Mach-Zenhder  interferometer  and  the  result. 
The  signal  light  is  intensity-modulated  at  200MHz.  The  cotrol  (address)  light  changes  the 
optical  path  of  the  signal  light  from  the  Output-port  1  to  the  Output-port2. 
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1.  Introduction 

Asynchronous  transfer  mode  (ATM)  is  a  promising  switching  and  transport  technology  for 
carrying  multimedia  traffic  in  broadband  ISDN  (B-ISDN).  With  ATM,  end-to-end  information  is 
transported  as  fixed-size  packets,  called  cells;  this  provides  the  flexibility  needed  for  multimedia 
traffic,  which  ranges  from  kilobits  per  second  to  gigabits  per  second.  ATM  is  now  being  introduced 
in  LANs,  MANs  and  WANs  to  carry  data  traffic  and  will  soon  penetrate  widely  into  public  networks 
carrying  voice  and  pictures  as  well  as  data.  The  throughput  of  ATM  networks  will  grow  rapidly  as 
the  provision  of  fiber-optic  subscriber  loops  stimulates  the  demands  for  broadband  multimedia 
services.  To  meet  this  increasing  demands,  higher  speed  ATM  switches  will  be  needed. 

A  tera-bps  ATM  switch  requires  an  efficient  combination  of  electronics  and  photonics.  A 
variety  of  photonic  ATM  switches  have  been  investigated  [1-8]: 

•  A  free-space  interconnection-based  system  using  VSTEPs  [1]  has  demonstrated  the  operation  of 
buffer  memory  and  self-routing  with  1.6-Gbit/s  cells. 

•  An  ultrashort  pulse-based  system  with  a  broadcast-and-select  star  network  [2]  has  been  developed 
that  uses  time-division  multiplexing  of  pico-second  optical  pulses.  Video  distribution  demonstration 
has  been  achieved  with  a  25-Gbit/s  throughput  system  [3]. 

•  A  high-speed  space-switch-based  system  using  a  hypercube  structure  has  been  discussed,  along 
with  its  routing  algorithms  [4]. 

•  Frequency  division  multiplexing  (FDM)-based  systems  [5-7]  have  drawn  much  attention,  since 
laser  diodes  with  a  wide  tuning  range  [9]  and  a  low-loss  high-resolution  multi/demultiplexer  [10] 
have  become  available. 

This  paper  describes  FDM-based  photonic  ATM  switches  and  some  experimental  results. 

2.  Single-hop  FRONTIERNET 

Figure  1  shows  the  FDM-based  photonic  ATM  switch,  called  "FRONTIERNET",  we  pro¬ 
posed  in  Ref.  [5].  At  the  center  of  the  switch,  an  arrayed  waveguide  grating  filter  (AWGF)  [10] 
works  as  a  frequency  router;  it  routes  optical  signals  from  an  input  port  to  a  particular  output  port 
determined  uniquely  by  the  combination  of  the  signal's  optical  frequency  and  the  input  port  number. 
The  frequency  of  an  ATM  cell  arriving  at  an  incoming  line  interface  (ILI)  is  converted  to  an 
appropriate  one  according  for  its  destination.  The  AWGF,  then  routes  the  cell  to  its  destination  out¬ 
going  line  interface  (OLI).  Although  only  one  cell  arrives  at  each  input  port  at  one  time,  multiple  cells 
with  different  frequencies  may  be  sent  to  an  output  port  at  the  same  time.  Therefore,  each  OLI  must 
have  a  multi-input  buffer  memory.  Cell  transfer  operations  are  synchronized  in  the  whole  system. 

This  architecture  is  a  simple  modular  structure  with  fewer  components.  Cells  need  to  make 
only  one  hop  in  the  system  before  reaching  their  destination  OLI. 

3.  Multi-hop  FRONTIERNET 

The  single-hop  FRONTIERNET  architecture  is  theoretically  possible  that  many  cells  might 
be  sent  to  one  output  port.  This  makes  it  difficult  to  design  a  large  system  because  of  the  gain 
saturation  of  the  optical  amplifiers.  We  thus  propose  a  multi-hop  FRONTIERNET  architecture  (Fig. 
2).  It  is  based  on  a  hypercube  network  along  with  detour  routing  [4].  Although  cells  need  to  hop 
several  times  before  reaching  their  destination  OLI,  and  so  a  loop-back  function  from  OLI  to  ILI  is 
necessary,  the  number  of  frequencies  handled  by  each  OLI  is  small  and  constant  (=  log2  (total 
number  of  input/output-port  pairs)).  Thanks  to  the  detour  routing,  this  architecture  requires  less 
buffer  memory  than  usual  input-  or  output-buffer-type  ATM  switches  even  though  it  needs  an  input 
buffer  memory.  Figure  2  shows  one  possible  routing  for  a  cell  arriving  at  ILI  #7  ([111]  in  binary 
expression)  with  a  destination  of  OLI  #0  ([000]).  The  route  is 
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Line  Interface  #7  ([111])  -  ^5  ->  #6  ([110])  -  ^0  „>  #2  ([010])  -  ^2  ->  #o  ([000]). 

Since  the  available  optical  bandwidth  is  limited  by  the  bandwidths  of  the  system  components, 
mainly  the  optical  amplifiers,  and  the  number  of  ports  on  a  single  AWGF  chip  is  limited, 
expandability  is  an  important  issue.  Multi-hop  FRONTIERNET  has  good  expandability  when  the 
AWGFs  have  additional  ports  for  system  expansion. 

Figure  3  shows  the  connection  pattern  for  expanding  using  four  AWGFs,  each  of  which  has 
two  expansion  ports.  The  pattern  is  based  on  the  rule  of  hypercube  interconnection.  Cells  going  to  a 
same  AWGF  are  frequency-multiplexed  on  the  expansion  output  ports,  sent  to  the  adjacent  AWGF, 
and  routed  again  to  output  ports  according  to  their  frequencies.  The  figure  suggests  that  2^  AWGFs 
with  (2^^  +  n)  ports  form  a  2<l+ii-line  system  using  less  than  (2^^  +  n)  frequencies.  That  is,  a  1024-line 
system  is  obtained  by  using  16  AWGFs  with  68  (=  64  +  4)  ports. 

4.  Experiment 

Figure  4  (a)  shows  the  experimental  setup  we  used  for  testing  a  single-hop  FRONTIERNET 
[5];  it  has  a  16-port  AWGF  with  one-cell  memory  in  OLI  #12.  The  tunable  frequency  convertor  in 
TI  T  #9  consists  of  two  distributed-Bragg-reflector  laser  diodes  (DBR-LDs),  a  2x2  LiNbOs  Mach- 
Zehnder-type  switch,  and  a  LiNbOs  intensity  modulator.  The  2x2  switch  allows  alternating 
operation  of  the  duplex  DBR-LDs.  The  frequency-channel  spacing  of  the  AWGF  is  100  GHz.  The 
one-cell  memory  consists  of  a  2x2  switch  based  on  semiconductor  LD  gates  (SLGs),  an  optical-fiber 
loop,  a  semiconductor  LD  amplifier  (SLA)  including  an  isolator  and  a  filter,  an  Erbium-doped  fiber 
amplifiers  (EDFAs),  and  a  frequency  selective  1x2  switch  made  of  a  splitter,  filters,  and  a  2x2 
LiNbOs  Mach-Zehnder-type  switch.  OLI  #12  receives  cells  of  1553.2  nm  (f4)  and  1552.4  nm  (f5) 
from  ILIs  #9  and  #10,  respectively.  Each  cell  contains  160  bits  of  2.5-Gbit/s  data.  Figure  4  (b) 
shows  the  observed  waveforms. 

Figure  5  (a)  shows  the  experimental  setup  we  used  to  investigate  the  performance  of  the 
FDM  loop  buffer  memories  [11].  The  structure  of  the  buffer  loop  is  the  same  as  that  in  Fig.  4  (a), 
although  some  of  the  component  characteristics  are  different.  A  3-nm  bandpass  filter  is  used  in  the 
loop  to  eliminate  spontaneous  emission  noise  from  the  SLA.  Two  frequencies,  1554.6  and  1553.8 
nm,  are  stored  in  the  buffer  loop;  they  are  shown  in  Fig.  5  (b).  A  bit  error  rate  of  less  than  lO'^  was 
measured  for  2.5-Gbit/s  cells  after  ten  circulations. 

5.  Conclusion 

Two  types  of  FDM-based  photonic  ATM  switches;  the  single-  and  multi-hop  FRONTIER- 
NETs,  were  described.  Due  to  the  frequency  routing  characteristics  of  AWGFs,  their  structure  is 
simple.  Multi-hop  FRONTIERNET,  furthermore,  has  the  modularity  needed  to  easily  expand 
system  size.  Experimental  results  show  the  feasibility  of  both  architectures. 
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Introduction 

The  asynchronous  transfer  mode  (ATM)  is  attractive  because  it  supports  services  having  various 
bit  rates.  High-bandwidth  optical  technology  using  ATM  will  be  the  key  to  overcoming  the 
throughput  limitations  of  electrical  systems.  Some  experiments  on  ATM  switching  with  optical 
buffers  have  recently  been  presented[l,  2].  To  increase  the  capacity  of  switching  systems, 
wavelength  division  multiplexing  is  a  promising  technology  in  photonic  switching[3].  We  describe 
photonic  ATM  switches  with  wavelength-division  multiplexed  (WDM)  output  buffers.  We  use 
WDM  technology  to  allow  cell  collision  in  a  broadcast-and-select  network,  which  leads  simple 
network  architecture.  We  also  propose  and  experimentally  demonstrate  a  WDM  output  buffer  to  read 
collided  cells  one  by  one. 

Switch  architecture 

The  architecture  of  the  proposed  switch  is  schematically  shown  in  Fig.l.  This  switch  is  a 
broadcast-and-select  network  type  ATM  switch.  Each  input  port  is  assigned  a  fixed  wavelength 
(from  A.1  to  Xn).  Optical  cells  are  sent  through  a  starcoupler,  so  all  cells  that  are  wavelength-division 
multiplexed  are  received  without  problems  resulting  from  the  cell  collision.  Every  output  of  the 
starcoupler  is  connected  to  a  WDM  buffer.  At  each  WDM  buffer,  only  cells  whose  addresses  match 
are  selected.  In  Fig.  2,  shaded  cells  denote  ones  with  non-matching  addresses,  which  are  not 
selected.  WDM  buffers  convert  parallel  WDM  cells  into  time-serial  cells  in  order  that  the  O/E/0 
modules  may  receive  one  cell  at  most  in  one  time  slot. 

Because  this  switch  has  inherent  loss  caused  by  division  in  the  starcoupler,  the  switch  size  is 
limited  by  the  receiver  sensitivity  of  the  O/E/0  modules.  However,  the  switch  size  can  be  increased 
by  using  a  multistage  network. 

Buffer  configuration 

The  WDM  buffers  we  propose  are  schematically  shown  in  Fig.  2.  We  adapted  WDM  fiber  delay 
lines[4,  5]  for  optical  buffer  since  they  are  transparent,  so  it  is  easy  to  treat  WDM  signals  with  little 
additional  hardware. 

The  buffer  functions  are  copy,  delay,  time-slot  selector  (T  selector),  and  wavelength  selector  (W 
selector).  An  input  stack  of  multiplexed  cells  is  copied  into  m+\  stacks.  Copy  and  delay  is  achieved 
by  coupler  and  fiber  line,  respectively.  These  copied  stacks  are  delayed  by  from  0  to  mT,  where  T  is 
the  cell  length  and  m  is  the  buffer  size.  The  T  selector  selects  the  oldest  stack  of  cells  in  one  time  slot. 
Then  the  W  selector  selects  one  cell  among  the  stacks.  In  Fig.  2,  stacks  of  cells  A  and  B  are  selected 
through  gates  having  delay  0  or  7  and  stacks  of  D  and  E  through  a  gate  of  delay  0:  Then  cells  A,  B, 
and  D  pass  out.  Selectors  are  achieved  by  optical  gates  or  photonic  switches,  which  are  controlled  by 
an  electric  WDM  buffer  controller. 

The  buffer  can  control  the  cell  throughput  at  the  switch  module  according  to  back-pressure 
signals  from  the  next  stagef  41. 

Experimental  setup 

For  our  cell  switching  experiments  using  an  optical  WDM  output  buffer,  we  used  the 
experimental  setup  shown  in  Fig.  3.  Though  the  switch  size  n  was  2,  only  one  output  buffer  was 
demonstrated  in  the  setup.  The  data  rate  was  10  Gbit/s.  Optical  cell  streams  were  generated  by  two 
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10-Gbit/s  pulse  pattern  generators  and  E/O  modules.  Two  wavelengths  (Xi=1550.2  nm  and 
;\.2=1553.2  nm)  were  multiplexed  by  the  coupler.  The  cell  length  was  64  bytes  (7=51.2  ns),  which 
consisted  of  a  guard  band  and  data  field.  The  guard  band  was  8  bytes  (6.4  ns),  which  is  large 
enough  compared  with  the  switching  time  of  optical  gates,  which  is  around  5  ns. 

In  the  WDM  buffer,  we  used  semiconductor  optical  amplifiers  (Anritsu  SD3A101P2)  for  optical 
gates  (GTo  and  GTi,  GWi  and  GWi)  of  the  T  and  the  W  selector.  All  four  gates  of  the  T  and  W 
selector  were  controlled  by  a  3-Gbit/s  multi  pulse  pattern  generator  operating  at  19.53  Mbit/s. 

Results 

Cell  sequences  of  buffer  input  and  output  are  observed  by  an  oscilloscope  as  shown  in  Fig.  4. 
The  cell  notation  in  Fig.  4  is  as  follow:  A  and  B  correspond  to  output  port  addresses,  the  first  and 
second  numbers  are  input  port  number  (i.e.  wavelength)  and  serial  number  of  the  input  cell, 
respectively.  In  this  experiment,  the  output  port  address  in  Fig.  3  has  address  A.  The  buffer  passes 
only  cells  that  have  address  A  and  outputs  them  sequentially.  Cells  B1 1,  B21,  B22,  B23,  and  B12 
are  not  selected.  Cell  All  passes  through  GTO  and  GW  1.  A12  passes  through  GTO  and  GWl  and 
then  goes  out  in  the  same  way.  A21,  which  is  input  simultaneously  with  cell  A12,  waits  for  A12  to 
be  output.  Then  in  the  next  time  slot,  A21  goes  out  through  GTl  and  GW2.  A13  is  discarded 
because  the  demonstrated  buffer  can  hold  only  two  cells  at  a  time.  A22,  A23,  and  A14  go  out  after 
delayed  T. 

Eye  patterns  of  input  and  output  signals  are  shown  in  Fig.  5  (a)  and  (b).  For  the  data  field,  a  2^- 
1  pseudo-random-pattern  is  used.  Though  the  eye  pattern  of  the  output  signal  has  small  eyes 
resulting  from  the  path  lengths  and  loss  difference  among  the  received  cells,  we  observed  a  bit  error 
rate  of  2x10'^^  in  the  output  cell  sequences  of  -12.94  dBm. 

Conclusion 

We  proposed  and  experimentally  demonstrated  a  fast  photonic  ATM  switching  system  using 
WDM  output  buffers.  Two  wavelength-division  multiplexed  10-Gbit/s  optical  cells  could  be 
switched  by  semiconductor  optical  gates.  This  switch  inherently  has  multicast  and  broadcast 
functions,  which  have  recently  become  important. 
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In  ultra-high  speed  networks  individual  address  bits  are  spaced  only  picoseconds  apart,  and 
address  recognition  can  be  made  by  an  ultra-fast  demultiplexer  which  allows  the  packet  to  be 
routed  without  any  opto-electronic  conversion.  One  low-power  device  capable  of  performing  the 
critical  operation  of  reading  address  bits  in  an  optically  compressed  packet  header  is  the  Terahertz 
Optical  Asymmetric  Demultiplexer  (TOAD)l. 

To  demonstrate  all-optical  address  recognition  and  self-routing  of  photonic  packets,  one 
node  of  a  network  of  2x2  switches  was  used  (see  figure  lb).  Packets,  with  4  ps  bit  periods,  were 
composed  of  a  large  amplitude  leading  clock  pulse,  a  three  bit  header,  and  an  empty  payload.  The 
switching  node  consists  of  an  electro-optic  switching  element  SW  (e.g.  2x2  LiNb03  cross-bar 

switch)  in  a  switched  (cross)  or  unswitched  (bar)  state,  an  ultra-fast  all-optical  address  recognition 
unit,  routing  controller  which  sets  the  state  of  the  switching  element,  and  an  optical  buffer  that 
matches  the  delay  of  the  input  packet  to  the  processing  delay  of  the  routing  controller.  Before 
entering  the  buffer  a  portion  (10%)  of  the  packet  was  split  off  and  sent  to  the  address  recognition 
unit  (two  TOADs)  to  read  two  bits  packet  destination  address.  Demultiplexed  address  bits  were 
sent  to  a  routing  controller  which  set  the  state  of  the  2x2  switch  to  a  cross  or  bar  state.  Packets  with 
destination  address  "H"  were  made  to  exit  output  port  2,  while  packets  with  destination  address 
"10"  were  made  to  exit  output  port  1.  Figure  la  shows  the  input  multiplexed  high  intensity  clock 
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destination  address  "11". 
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and  two  packets:  "1110  ...  0"  and  "1010  . . .  0". 

Figures  Ic  show  the  output  of  the  routing  switch  SW,  when  the  clock  pulse  has  been 
synchronized  to  simultaneously  demultiplex  address  bits  l(always  "1")  and  2("1"  or  "0").  When 
both  address  bits  1  and  2  are  ("1")  packets  are  routed  to  port  2.  However,  when  bit  1  is  "1"  and 
bit  2  is  "0"  the  packet  is  always  routed  to  port  1. 

In  conclusion,  these  data  demonstrate  the  all-optical  processing  and  self-routing  of  a 
photonic  packet  without  the  need  for  any  opto-electronic  conversion  for  a  case  of  two  bit 
addressing.  The  address  bit  rate  was  0.25  Tb/s  (4  ps  spacing  between  address  bits).  BER 
measurements  of  the  set  switching  state  were  made  by  modulating  bit  2  with  a  pseudorandom  bit 
stream  and  monitoring  the  bit-error  rate  at  the  switching  element.  BERs  of  less  than  10  ^  were 
measured.  This  optically-transparent  self-routing  switching  node  can  serve  as  a  modular  building 
block  for  2-connected  optical  mesh  networks. 
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High-speed  clock  recovery  or  clock  synchronization  is  an  important  function  in  realizing  future 
100  Gb/s  time  division  multiplexed  (TDM)  communication  systems.  Optical  clock  recovery 
techniques  are  attractive  because  they  can  accommodate  bit  rates  in  excess  of  those  allowed  by 
electronics.  To  date,  a  number  of  optical  clock  recovery  and  synchronization  schemes  have 
been  demonstrated  including  injection-locking  diode  [1]  and  fiber  [2]  lasers.  Also,  optical 
phase  lock  loops  have  been  demonstrated  using  nonlinear  crosscorrelation  of  two  pulse  streams 
as  a  bit  phase  sensor.  Such  schemes  have  included  four  wave  mixing  [3]  and  gain 
modulation  [4]  in  diode  amplifiers  and  second  harmonic  generation  in  a  LLIO3  crystal  [5].  In 
this  paper,  we  demonstrate  all-optical  bit  phase  comparison  using  a  nonlinear  optical  loop 
mirror.  In  addition,  we  show  that  a  harmonically  modelocked  external  cavity  laser  can  be 
synchronized  to  a  40  GHz  pulse  train  generated  using  soliton  compression  of  a  Mach-Zehnder 
modulator  output[6]. 

A  schematic  of  the  experimental  set-up  is  shown  in  Figure  1.  A  10  GHz  pulse  stream 
of  8  ps  pulses  is  generated  by  harmonically  modelocking  a  diode  laser  in  an  external  cavity. 
These  pulses  have  a  center  wavelength  of  1541.6  nm  and  the  electrical  drive  to  the  diode  is  a 
voltage  controlled  oscillator  (VCO).  The  40  GHz  pulse  stream  is  generated  by  soliton 
compression  in  dispersion  tailored  fiber.  In  this  scheme,  the  output  from  a  DFB  laser  is 
amplitude  modulated  using  a  commercially  available  Mach-Zehnder  modulator.  This 
modulator  is  biased  at  a  null  in  transmission  and  is  driven  differentially  by  a  20  GHz  r.f. 
signal.  These  bias  conditions  result  in  an  optical  output  signal  modulated  at  twice  the  applied 
frequency.  This  signal  is  amplified  and  compressed  in  a  4.65  km  length  of  "comb-like" 
dispersion  fiber,  yielding  a  40  GHz  train  of  3  ps  pulses  with  a  center  wavelength  of  1552.4 
nm.  Figure  2  shows  the  autocorrelation  functions  for  the  two  pulse  streams. 
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The  nonlinear  optical  loop  mirror  (NOLM)  consists  of  2.2  km  of  dispersion  shifted 
fiber  with  a  dispersion  zero  of  1547  nm.  The  control  pulses  are  coupled  into  the  NOLM  by  a 
wavelength  independent  3-dB  coupler.  The  polarization  controller  in  the  NOLM  is  adjusted  so 
that  in  the  absence  of  a  control  pulse  (from  the  10  GHz  stream),  a  signal  pulse  (from  the  40 
GHz  stream)  is  reflected  at  the  input  port.  However,  when  a  control  and  signal  pulse  are 
coincident  in  time,  the  signal  pulse  is  transmitted  through  the  output  port.  The  NOLM  acts  as 
an  all-optical  AND  gate. 

In  many  cases,  NOLM's  have  been  configured  as  all-optical  demultiplexers  because 
they  can  be  made  relatively  insensitive  to  timing  jitter  by  utilizing  the  pulse  walk  through 
associated  with  polarization  dispersion[7]  and  wavelength  dispersion[8].  However,  these  same 
NOLM's  can  be  used  as  bit  phase  sensors  when  control  and  signal  pulse  walk  through  is 
minimized.  For  example,  when  the  signal  and  control  wavelengths  are  equally  spaced  around 
the  zero  dispersion  wavelength  in  the  fiber,  the  group  velocity  for  the  two  pulses  in  the  loop  is 
the  same[9].  Then,  any  mismatch  in  timing  between  the  two  pulses  will  result  in  less  signal 
power  being  switched  out  from  the  loop.  In  our  scheme,  an  electro-optic  PLL  is  constructed 
using  the  loop  output  power  as  a  control  signal  for  the  VCO  driving  the  harmonically 
modelocked  external  cavity  laser. 

Using  the  10  GHz  drive  from  the  VCO  as  a  trigger  signal  for  the  high-speed  sampling 
oscilloscope,  we  measure  the  20  GHz  r.f.  drive  to  the  amplitude  modulator  and  the  40  GHz 
optical  pulse  stream.  Figure  3  (c,d)  shows  the  measured  electrical  drive  signal  and  optical 
pulse  stream  when  the  PLL  is  off.  Note  that  there  is  no  correlation  between  the  10  GHz 
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trigger  and  the  20  and  40  GHz  waveforms.  These  traces  have  been  averaged  over  many 
samples  and  are  not  a  snapshot  in  time.  However,  when  the  PLL  has  lock«l  the  sources,  the 
20  GHz  r.f.  drive  to  the  amplitude  modulator  (Fig.  3a)  and  the  40  GHz  optical  pulse  stream 
(Fig.  3b)  are  synchronous  with  the  10  GHz  drive  to  the  modelocked  external  cavity  laser  and 
therefore  to  the  trigger  for  the  sampling  scope.  In  our  presentation,  we  will  present 
autocorrelation  data  as  well  as  sampling  scope  data  that  characterizes  the  switching  operation 
of  the  NOLM  when  the  sources  are  locked  and  unlocked.  Also,  we  will  discuss  novel 
applications  for  the  NOLM  as  a  bit  phase  sensor. 

In  conclusion,  we  have  demonstrated  successful  locking  of  a  10  GHz  harmonically 
modelocked  external  cavity  laser  and  a  40  GHz  pulse  stream  generated  using  soliton 
compression  of  a  Mach-Zehnder  modulator  and  using  a  NOLM  with  zero  pulse  walk  through 
as  a  phase  comparator.  The  NOLM  operates  as  an  all-optical  AND  gate,  with  switching 
speeds  limited  only  by  the  optical  pulsewidth  of  the  sources. 


Figure  2.  Autocorrelation  traces  for  the  8 
ps  pulses  in  the  10  GHz  pulse  stream  (dashed 
line)  and  the  3  ps  pulses  in  the  40  GHz  pulse 
stream  (solid  line). 


Figure  3.  Sampling  oscilloscope  traces  of  the 
20  GHz  r.f.  drive  to  the  modulator  (a)  and 
the  40  GHz  pulse  stream  (b)  when  the  two  laser 
sources  are  locked.  When  the  sources  are  not 
locked,  neither  the  r.f.  drive  (c)  nor  the  pulse 
stream  (d)  are  triggered. 
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Future  high  bit  rate  optical  packet  switched  networks  will  be  based  on  single  or  multiwavelength 
technology  for  transport,  while  the  switching  nodes,  working  in  the  optical  domain,  will  operate  on  a 
cell  basis,  in  a  synchronous  way.  This  will  allow  a  fair  resolution  of  contentions,  through  the  use  of 
optical  buffers,  and  proper  routing  to  the  destination  by  means  of  space  switching. 

The  synchronous  operation  of  the  optical  packet  switching  nodes  may  imply  stringent 
requirements  on  the  timing  of  the  packet  arrivals  at  the  node  inputs,  both  at  system  start-up  and 
following  slow  thermal  variations  in  the  fibers.  For  this  reason  cell  synchronization  must  be  provided  at 
the  node  inputs,  to  align  all  incoming  data  flows  to  a  local  reference,  as  shown  in  fig.  1 .  This  operation 
should  be  performed  in  the  optical  domain,  to  preserve  the  "transparency”  of  the  whole  node  with 
respect  to  data  bit  rate  and  to  overcome  possible  limitations  of  electronics  at  very  high  bit  rates. 
Furthermore,  in  the  case  of  a  multistage  switching  node,  the  need  for  a  "fine"  synchronizer  at  the 
output  of  each  switching  module  could  arise,  to  recover  cell  timing  fluctuations.  Among  the  various 
constraints  for  the  correct  operation  of  an  optical  synchronizer  a  few  must  be  underlined:  (i)  the  cell 
start  must  be  easily  recognized,  adopting  a  special  format  including  a  cell  start  identifier  in  the  form  of 
a  coded  bit  sequence,  as  well  as  a  guard  band  to  allow  setting  of  the  0/E  devices;  (ii)  at  system  start¬ 
up  the  transient  towards  the  complete  alignment  must  be  as  fast  as  possible,  to  avoid  as  far  as 
possible  data  loss;  (iii)  the  compensation  range  must  be  in  the  order  or  greater  than  one  packet 
length;  (iv)  the  time  resolution  must  be  compatible  with  the  node  specifications,  but  situations  may 
occur  in  which  a  resolution  «  one  bit  duration  would  be  necessary. 

In  this  paper  first  experimental  results  obtained  with  the  cell  synchronizer  structure  proposed  in 
[1]  (patent  pending)  are  reported,  together  with  some  implementation  details.  Fig.  2  shows  a 
schematic  of  the  synchronizer,  which  is  composed  by  three  main  blocks:  a  coarse  synchronizer,  which 
is  based  on  a  cascade  of  switcheable  optical  fibre  delay  lines;  a  fine  synchronizer,  which  exploits  the 
chromatic  dispersion  in  an  optical  fibre;  and  an  electronic  control.  The  control  identifies  the  cell  start 
and  compares  it  with  the  local  reference,  driving  the  coarse  synchronizer  in  a  feed-back  configuration 
and  the  fine  synchronizer  in  a  feed-forward  configuration.  The  principle  of  operation  of  our  system  is 
explained  in  detail  in  [1].  The  64  byte  long  cell  comprises  a  guard  band  and  a  four  bit  cell  start 
identifier.  These  first  experiments  have  been  carried  out  at  622  Mbit/s.  At  the  system  start-up  the 
algorithm  implemented  in  the  electronic  control  checks  the  position  of  the  start  word  in  several 
consecutive  cells,  to  avoid  false  identifications.  The  fine  synchronizer  (fig.  4)  is  similar  to  that 
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described  in  [1];  however  a  1.5  )j.m  DBR  laser  with  a  more  linear  tuning  characteristic  has  been  used 
in  the  present  work  for  the  tunable  wavelength  converter  (still  based  on  a  hybrid  O/E/0  approach); 
data  reshaping  followed  by  an  external  modulator  have  also  been  used.  The  delay  range  required  by 
the  fine  synchronizer  in  this  implementation  is  +  400  ps:  a  fiber  span  with  a  total  dispersion  of  =200 
ps/nm  has  been  used.  The  coarse  synchronizer  has  been  implemented  using  five  low-loss  thermo 
optic  2x2  switches  (fig.  5),  with  fibre  delay  lines  ranging  from  400  ps  to  6.4  ns;  as  no  fast  polarization 
independent  2x1  switch  was  available  at  the  time  of  these  experiment  (e.  g.  an  InP  based  DOS  could 
be  used  [2]),  a  simple  passive  fiber  coupler  was  used  (which  implies  that  there  is  data  loss  during  the 
switching  of  the  slow  switches).  Although  the  maximum  achievable  delay  is  less  than  a  cell  length  at 
622  Mbit/s  (only  for  the  temporary  lack  of  some  devices),  all  the  same  it  has  been  possible  to 
successfully  demonstrate  the  principle  of  the  synchronizer. 

The  electronic  control  (fig.  6)  is  based  on  four  boards:  the  first  one  identifies  the  cell  start,  the 
second  one  filters  the  cell  start  identifier  and  calculates  the  delay  with  respect  to  the  cell  start 
reference,  with  1 .6  ns  precision;  the  third  one,  which  works  in  real  time,  controls  the  fine  synchronizer 
driving  the  wavelength  converter  and  calculates  the  delay  between  the  cell  and  the  synchronism  in  the 
range  from  400  ps  to  1 .6  ns  ;  the  last  board  receives  the  delay  informations  from  the  previous  ones 
and  provides  the  setting  of  the  switches. 

The  test  of  the  synchronizer  has  been  performed  by  purposely  delaying  the  data  before  entering 
the  optical  input  of  the  synchronizer  (a  continuous  flow  of  64  byte  long  cells),  generated  by  a  1 .5  pm 
laser,  with  respect  to  the  cell  reference,  and  observing  the  output  of  the  synchronizer  on  a  sampling 
oscilloscope.  Fig.  7  shows  the  result:  the  three  traces  represent  a  cell  sync,  before  the  synchronizer 
(upper  trace),  the  output  of  the  cell  start  recognizer  (middle  trace)  and  the  data  bits  corresponding  to 
the  cell  start  identifier  (1101  in  this  case,  lower  trace).  By  changing  the  data  delay  the  result  of  fig.  8  is 
obtained:  traces  like  those  obtained  in  fig.  7  are  superimposed,  for  various  delays,  up  to  12.8  ns:  a 
small  "jitter"  can  be  recognized  in  the  data,  due  to  the  finite  resolution  and  output  power  variations  of 
the  fine  synchronizer,  caused  by  the  step  wavelength  tuning  characteristic  of  the  DBR  laser  in  the 
Tunable  Wavelength  Converter.  On  the  other  hand,  as  expected,  the  cell  start  recognizer  signal 
undergoes  a  jitter  which  is  equal  to  ±Tm,  where  T^  is  the  minimum  delay  in  the  coarse  synchronizer. 

In  conclusion  we  have  discussed  some  synchronization  issues  for  an  optical  packet  switched 
node,  and  presented  experimental  evidence  of  a  first  successful  implementation  of  a  cell  synchronizer, 
operating  at  622  Mbit/s. 
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Fig.  6:  Schematic  of  the  electronic  control  Implemented, 
with  the  four  boards. 


Fig.  8:  As  in  fig.  7,  but  with  several  traces 
superimposed  changing  the  input  signal  delay  by 
12.8  ns.  Hor.  scale:  2  ns/div. 
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Management  of  optical  network  is  an  issue  that  is  not  very  much  discussed.  Traditionally,  we 
are  only  considering  the  transport  aspects  when  optical  networks  are  treated.  We  can  define  the 
transport  view  reaching  from  the  basic  generation  of  bits  to  the  abstract  level  dealing  with  net¬ 
work  functional  architecture  described  by  functions  and  reference  points.  These  are  all  issues 
that  tell  us  how  to  transport  traffic  between  different  locations. 

The  management  view,  on  the  other  hand,  is  orthogonal  to  that  of  the  transport  view.  Here  we 
are  interesting  in  how  to  transfer  management  information  between  the  managing  system  and 
the  optical  nodes  in  order  to  ensure  for  the  transport.  We  have  to  define:  what  management 
information  that  is  required  to  route  the  traffic  properly  through  the  network,  what  eventreports 
that  is  received  from  the  optical  nodes  when  unambiguous  occur,  what  action  that  should  be 
taken  to  restore  the  transport  in  case  of  failure,  and  what  should  be  monitored  in  order  to  guar¬ 
antee  the  quality  of  the  transport.  This  addresses  questions  on  what  information  exchange  that 
is  needed  between  the  management  system  and  the  optical  nodes,  which  is  defined  by  an  man¬ 
agement  information  model. 

Before  we  through  us  in  to  the  management  world  we  have  to  start  from  the  transport  view, 
defining  what  network  we  should  manage.  This  is  accomplished  by  starting  from  the  top-end 
defining  a  network  functional  architecture  for  the  optical  network  layer  similar  to  that  what  is 
defined  for  SDH,  ITU-T  G.803.  Optical  Trails  and  Optical  Link  Connections;  Termination  and 
Adaptation  functions  (see  figure  below)  are  examples  of  functional  architectural  components 
that  have  been  defined  during  the  work  in  RACE-MWTN. 


Connection  Point  ^ 

Optical  Link 
Connection 


The  network  functional  architecture  is  required  when  developing  a  network  information  model 
which  defines  the  management  view  of  the  network  in  logical  terms.  Managed  Objects  (MOs). 
The  ITU-T  M.3 100  provides  a  generic  network  information  model  and  describes  a  standard  set 
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of  MOs  and  their  properties,  which  are  used  when  implementing  the  information  model.  In  our 
case  it  was  necessary  to  modify  some  MO  (shaded  in  figure  below),  such  as  termination  points 
for  optical  trails  and  optical  link  connections  (optTTP  and  optCTP). 


In  the  RACE-MWTN  (R2028)  we  have  been  developing  the  demonstrator  management 
system  conforming  the  TMN  standards  (ITU-T  M.3010).  Two  OXC  nodes  have  been  developed 
as  Network  Elements  (NEs)  communicating  with  our  operations  system  (OS)  over  a  Q3  inter¬ 
face. 


An  OXC-NE  is  composed  of  optical  devices  included  and  a  control  system  that  present 
the  OXC  as  a  integrated  NE  to  the  Operations  System.  A  TMN-Agent  in  the  Network  Element 
exchange  management  information  with  a  TMN-Manager  in  the  Operations  System  in  accord¬ 
ance  with  the  defined  information  model. 
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Introduction  Optical  networks  on  which  signals  are  routed  and  switched  optically,  are  in¬ 
dispensable  for  achieving  future  large  capacity  and  flexible  communication  networks.  Some 
demonstration  experiments  have  been  carried  out  to  show  the  feasibility  of  optical  networks 
[l]-[4].  One  of  the  most  important  issues  in  developing  such  networks  is  a  network  Operation 
and  Maintenance  (0AM)  system.  The  present  networks  utilize  an  0AM  system  based  on  the 
SDH/SONET,  in  which  0AM  information  is  embedded  in  synchronous  frames.  Since,  in  the 
optical  networks,  some  signals  go  through  several  nodes  without  any  0/E  and  E/0  conversions, 
0AM  information  cannot  be  obtained  based  on  conventional  schemes.  An  0AM  implementation 
technology  for  optical  networks  should  be  put  together,  as  some  papers  have  pointed  out  [5],  [6]. 
This  paper  proposes  an  0AM  concept  for  optical  networks.  An  implementation  scheme  for  the 
concept  is  also  proposed,  and  its  feasibility  is  theoretically  confirmed. 

Basic  Idea  of  a  Proposed  Optical  Network  0AM  System  In  the  optical  network  0AM  con¬ 
cept,  it  is  assumed  that  a  conventional  0AM  system,  such  as  that  based  on  the  SDH  system,  is 
utilized  in  an  electrical  layer.  The  0AM  system  for  an  optical  network  should  complement  the 
electrical  layer  system.  Figure  1  is  a  schematic  diagram  of  an  optical  network.  In  a  certain  node, 
an  electric  signal,  which  has  been  Time  Division  (TD)  multiplexed  and  rearranged,  is  converted 
to  an  optical  signal  and  enters  a  photonic  switching  network  layer.  In  the  photonic  switching 
network,  photonic  Wavelength  Division  (WD)  and  Space  Division  (SD)  switching  technologies 
are  used  for  routing  the  optical  signal.  Finally,  the  signal  is  converted  to  an  electric  signal,  and 
demultiplexed  into  electrical-path-layer  signals  at  some  node.  Between  the  two  nodes  where  the 
0/E  and  E/0  conversions  are  carried  out,  the  contents  carried  by  the  optical  signal  are  not 
changed  while  the  signal  is  routed  all-optically.  This  signal  route  defined  by  an  optical  signal 
should  be  identified  to  avoid  mis-connection  in  the  optical  layer.  Therefore,  this  should  be  one  of 
the  objects  for  an  optical  network  0AM  system.  The  authors  define  an  “optical path" as  this  kind 
of  an  interval,  as  shown  in  Fig.  2.  There  can  be  two  kinds  of  optical  paths.  One  is  defined  by 
spatial  (optical  fiber)  connection,  and  the  other  is  determined  by  wavelength  of  the  signal  [7]. 
Since  an  optical  signal  is  converted  to  an  electrical  signal  at  the  end  points  of  an  optical  path, 
some  0AM  information  such  as  path  identifier  can  be  transported  between  a  start  point  and  an 
end  point  of  an  optical  path.  However,  important  information  such  as  that  regarding  line- 
failure  cannot  be  obtained  efficiently  by  only  monitoring  optical  paths  end  points.  The  authors 
define  an  “optical  section"  as  every  interval  between  two  consecutive  optical  nodes,  to  obtain 
and  transport  0AM  information  efficiently  (Fig.  2).  Indispensable  optical  network  0AM  infor¬ 
mation  which  should  be  transported  in  an  optical  section  has  been  extracted  referring  to  the 
SDH/SONET  system.  It  should  include  Automatic  Protection  Switching  (APS)  information, 
optical  cross-connecting  information,  and  path  identifiers  as  well  as  an  order  wire  (OW)  channel. 
The  cross-connecting  information  is  a  type  of  information  which  uses  data  communication 
channels  (DCC)  in  the  SDH/SONET  system.  The  APS  between  optical  sections  can  be  carried 
out  by  using  photonic  switching  networks  based  on  the  0AM  information  monitored  and  trans¬ 
ported  for  every  optical  section.  Optical  cross-connecting,  which  can  rearrange  the  optical  net¬ 
work  flexibly,  can  also  be  carried  out  based  on  the  information  monitored  at  the  end  points  of 
optical  paths  and  optical  cross-connecting  information  transported  through  each  optical  section. 
Implementation  of  the  Proposed  Optical  Network  0AM  implementation  of  the  proposed 
optical  network  0AM  system  is  examined,  considering  the  following  general  requirements; 
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•  0AM  information  can  be  renewed  at  every  node, 

•  0AM  information  transport  means  should  have  some  survivability  in  itself 

We  propose  the  system  structure  shown  in  Fig.  3  for  realizing  the  proposed  0AM  system.  In  the 
configuration,  the  APS,  cross-connecting  information,  and  path  identifiers  which  concern  sev¬ 
eral  fibers  in  an  optical  section  as  well  as  an  OW  channel  are  TD  multiplexed  into  one  signal 
at  the  sending  node.  The  TD  multiplexed  signal  is  converted  to  an  optical  signal  (an  optical 
0AM  signal)  using  a  different  wavelength  from  the  main  optical  signals,  and  is  distributed  to 
several  optical  fibers.  At  the  receiving  node,  after  separating  the  optical  0AM  signals  from  main 
optical  signals  by  WD  demultiplexers,  an  optical  selector  segregates  a  single  optical  0AM  signal. 
Using  this  structure,  the  0AM  information  can  be  renewed  between  every  optical  section.  In 
addition,  the  number  of  transmitters  and  receivers  for  transporting  0AM  information  will  be 
reduced  by  using  an  optical  divider  and  optical  selector.  Fault  detection  is  also  possible  by  sim¬ 
ply  monitoring  the  tapped  optical  0AM  signals  using  low-speed  fault-detectors  placed  in  front  of 
the  selector.  If  a  fiber  is  broken,  a  receiving  node  can  select  another  fiber  through  which  an  opti¬ 
cal  0AM  signal  is  transported.  If  the  wavelengths  in  a  1.55  //  m  band  are  used  for  the  main 
optical  signals,  either  a  wavelength  in  the  1.3  }x  m  band  or  one  in  the  1.55  fi  mband  (other  than 
used  for  the  main  optical  signals)  may  be  used  for  the  optical  0AM  signal. 

Evaluation  of  the  Proposed  0AM  implementation  The  feasibility  of  the  proposed 

0AM  system  has  been  evaluated  theoretically.  First,  the  required  capacity  for  an  0AM  signal 
was  examined,  referring  to  the  SDH/SONET  system.  The  capacity  for  APS,  DCC  and  OW  are 
128  kb/s,  768  kb/s  and  64  kb/s,  respectively,  in  the  SDH/SONET  system.  This  768  kb/s  DCC  can 
deal  with  cross-connecting  information  for  the  approximately  50  paths  in  an  SDH  frame.  Capac¬ 
ity  for  framing  and  identifiers  are  negligibly  small.  Required  capacity  for  APS  and  optical 
cross-connecting  was  assumed  to  be  proportional  to  the  number  of  optical  fibers  involved.  Ca¬ 
pacity  regarding  optical  cross-connecting  is  assumed  to  be  at  most  to  the  extent  of  DCC  capacity, 
because  the  number  of  optical  paths  (defined  by  wavelength)  is  considered  to  be  less  than  the 
above  described  number  of  electrical  paths  (approximately  50).  The  calculated  result  for  re¬ 
quired  capacity  as  a  function  of  the  number  of  optical  fibers  to  be  treated  with  an  optical  0AM 
signal  is  depicted  in  Fig.  4.  Next,  the  loss  budget  for  the  optical  0AM  signal  was  estimated.  An 
increase  in  the  number  of  fibers  to  which  an  optical  0AM  signal  is  distributed,  or  an  increase  in 
the  0AM  signal  capacity,  will  result  in  a  decrease  in  loss  margin  for  the  system.  The  optical 
power  level  diagram  was  examined  for  two  cases  employing  different  devices  as  the  optical  se¬ 
lector;  a  Nxl  LiNbOa  photonic  switch  (loss:  3.2  dB  for  a  4x1  switch)  and  a  mechanical  optical 
switch  (loss:  0.5  dB).  The  optical  receiver  sensitivity  was  assumed  to  be  -35  dBm  at  622  Mb/s 
signal  speed  and  inversely  proportional  to  the  required  capacity  for  the  0AM  signal.  A  span  loss 
of  20  dB  (40  km)  and  system  margin  of  6  dB  were  assumed  in  the  calculation.  The  capacity 
values  limited  by  optical  power  level  are  also  shown  in  Fig.  4.  The  calculated  results  show  that 
the  proposed  optical  network  0AM  system  can  handle  0AM  information  of  more  than  16  fibers, 
each  of  which  may  include  up  to  approximately  50  wavelength  paths.  This  confirms  the  appli¬ 
cation  feasibility  of  the  proposed  optical  0AM  system  to  practical  systems. 

Conclusion  An  Operations  and  Maintenance  (0AM)  system  for  optical  networks  with 
newly  defined  optical  paths  and  optical  sections  has  been  proposed.  An  implementation  scheme, 
in  which  the  0AM  signals  relevant  to  several  optical  fibers  are  TD  multiplexed  and  transported 
using  different  wavelength,  was  also  proposed.  The  loss  budget  consideration  for  the  optical 
0AM  signal  has  demonstrated  the  application  feasibility  of  the  proposed  scheme  to  practical 
systems. 
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Fig.  1  Images  of  optical  signals  passing-through  optical  nodes:  (a)  A  network  image,  (b)  An  ex¬ 
ample  structure[2]  for  the  network  node.  _ 
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Introduction 

Optical  path  layer  technologies  are  expected  to  be  crucial  in  creating  a 

flexible  network  architecture  and  expanding  network  capacity  in  broadband  ISDN 
(B-ISDN)  [1].  The  optical  cross-connect  (OXC)  is  the  main  component  in  an  optical 
transport  network.  OXC  systems  must  offer  a  compact,  economical  switch 

architecture  that  allows  effective  modular  growth.  The  OXC  systems  must  also 
have  robust  network  failure  recovery,  because  large-capacity  optical  networks 
require  a  highly  reliable  optical  path  layer. 

We  modified  our  previously  proposed  wavelength-division  (WD)  switching 
network  to  allow  modular  expansion.  We  then  compared  the  number  of  required 

optical  devices  in  our  switch  with  other  structures.  Using  this  switch,  we  also 

proposed  an  OXC  architecture  that  provides  failure  recovery  using  reserved 

wavelengths. 

OXC  Switch  Architecture 

We  already  proposed  a  two-stage  matrix  WD  switching  network  for  photonic 
switching  systems  that  implements  tunable  wavelength  filtering  and  eonversion 
[2].  Our  network  consists  of  two  cascaded  switch  modules.  Each  crosspoint  in  the 
module  has  a  switch  element  consisting  of  a  wavelength  filter  and  a  wavelength 
converter.  The  photonic  WD  switching  network  switches  the  wavelength  of  the 
WD  multiplexed  (WDM)  signals  between  two  or  more  input-output  paths  eall-by- 
call.  The  network  is  thus  functionally  the  same  as  a  virtual  wavelength  path 
(VWP)  OXC  which  changes  the  wavelength  link-by-link  [1].  If  the  OXC  allows 
modular  growth  for  extra  wavelengths  and  input-output  links,  we  can  increase  its 
capacity  as  traffic  increases.  Our  proposed  architecture  used  a  bus  topology  to 
split  and  combine  the  optical  signals.  However,  a  star  topology  is  better  for 
modular  expansion  than  a  bus  topology.  A  star-topology  WD  switching  network 
was  reeently  proposed  that  is  logically  the  same  as  our  proposal  (Fig.  1(a))  [3]. 

This  network  uses  a  star  topology  to  split  and  combine  the  optical  signals  and 
allows  modular  growth  in  the  number  of  wavelengths.  We  can  also  modify  our 

proposal  to  allow  modular  expansion  of  the  number  of  input-output  links  by  using 
a  star  topology  (Fig.  1(b)).  This  architecture  can  be  expanded  by  adding  modular 
units  for  more  wavelengths  and  input-output  links. 

Besides  being  expandable,  an  OXC  design  must  be  low-cost  and  compact. 
Table  1  gives  the  number  of  optical  devices  required  (not  including  splitters  and 
combiners)  for  our  structure  (structure  A)  and  for  other  proposed  OXC  [4,5,6]  and 
WD  switching  network  [7,8,9]  structures  (structures  B  to  F).  All  the  structures 
compared  are  non-blocking.  As  the  table  shows,  our  structure  requires  fewer 
optical  devices  than  any  other  (k^8,  n^8).  Therefore,  if  we  assume  similar 

requirements  for  wavelength  devices  as  for  the  optical  switch  (physical  size,  cost, 

and  power  consumption),  our  structure  is  lower-cost  and  more  compact. 

Failure  Restoration 

As  network  transmission  capacity  increases,  link  failures  become  a  serious 
problem.  Network  restoration  techniques  are  required  to  reroute  a  failed  link  to  a 
normal  link.  Failure  recovery  using  reserved  wavelengths  has  been  proposed  [6]. 
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We  propose  an  OXC  architecture  that  incorporates  failure  recovery  based  on 
reserved  wavelengths. 

We  assume  recovery  that  reroutes  the  path  connection  between  two  OXC 
nodes  around  link  failures.  Fig.  2  shows  an  example  of  path  rerouting  over 
reserved  wavelengths  for  a  single  link  failure.  The  link  failure  is  between  OXC-A 
and  OXC-C.  OXC-A  reroutes  the  WDM  signals  from  the  working  wavelengths  to  OXC- 
C  through  OXC-B  using  reserved  wavelengths.  The  generic  VWP  OXC  architecture 
consists  of  an  OXC,  an  electrical  XC,  and  an  optical  add/drop  multiplexer  (ADM)  [6]. 
We  divided  the  functions  of  the  OXC  into  a  routing  block  and  a  bypass  block  (Fig. 
3).  The  routing  block  has  three  functions:  First,  to  switch  the  wavelength  and  link 
position  of  the  WDM  signals  from  input  links  to  arbitrary  wavelengths  and 
arbitrary  links.  Second,  to  switch  the  working  wavelengths  of  WDM  signals  to 
reserved  wavelengths  and  reroute  the  WDM  signals  to  a  normal  link  if  a  link 
failure  occurs  (OXC-A).  Third,  to  return  WDM  signals  arriving  on  reserved 
wavelengths  to  the  working  wavelength  and  route  them  to  the  required  link  (OXC- 
C).  The  bypass  block  passes  WDM  signals  on  the  reserved  wavelengths  to  the 
desired  link  without  wavelength  conversion  (OXC-B). 

Although  the  routing  block  also  handles  WDM  signals  on  the  reserved 
wavelengths,  the  total  number  of  channels  it  switches  is  constant  (kn).  We  can 
use  our  switch  architecture  shown  in  Fig.  1  as  the  routing  block.  However,  this 
configuration  increases  the  number  of  required  wavelengths  in  the  wavelength 

devices  (Table  2).  The  bypass  block  requires  a  multi-wavelength  filter  (MWFIL) 
that  can  extract  the  reserved  wavelengths,  such  as  a  wide  band-pass  filter  or 
acousto-optic  filter.  Fig.  4  shows  the  structure  of  the  bypass  block  using  MWFILs. 

Type  A  consists  of  k^  MWFILs.  Type  B  consists  of  k  MWFILs  and  k^  optical  gate 
switches  (GSW).  For  a  bypass,  the  MWFIL  normally  cuts  off  all  incoming  WDM 
signals  and  selects  WDM  signals  with  the  reserved  wavelengths.  Evaluating 

feasibility  based  on  power  budget  and  signal-to-noise  ratio  (SNR)  is  an  important 
technical  issue  for  both  the  OXC  and  the  optical  transport  network. 

Conclusion 

This  paper  outlined  a  switch  structure  that  allows  modular  expansion  to 
accommodate  extra  wavelengths  and  input-output  links.  This  paper  also  proposed 
an  OXC  system,  consisting  of  a  routing  block  and  a  bypass  block,  that  provides 
failure  recovery  based  on  reserved  wavelengths.  We  think  that  our  OXC  is  a 

promising  architecture  for  developing  a  B-ISDN  optical  transport  network. 
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Table  1  Number  of  required  optical  devices 


Filter 

Converter 

Switch 
(2x2, 1x2) 

Total 

FFIL 

TFIL 

ISSQ 

TCNV 

Type  A  [2.3] 

4nk 

2nk 

2nk 

— 

8nk 

Type  B  [4] 

nk 

— 

— 

nk^ 

2nk  +  nk^ 

nk^ 

Type  D  [8] 

4nk 

— 

16nk 

Type  E  [9] 

nk^ 

nk^ 

— 

2nk^ 

Type  F*  [6] 

nk 

nk 

{2n-1)(2nk  +  k2) 

4kn2+  (2n-1)k2 

Number  of  wavelengths:  n  Number  of  Input-output  links:  k 
FFIL:  Fixed  wavelength  filter  *:  Clos  network  [  ]:  Reference 


Table  2  Number  of  required  wavelengths 


Filter 

Converter 

TFIL 

OXC  without  recovery 

Max  [n,  k] 

■a 

OXC  with  recovery 

Max  [2n.  k] 

■a 

mm 

Number  of  reserved  wavelengths:  n 
*:  Number  of  kinds  of  FCNV 


fSTiilii 


FCNV;  Fixed  wavelength  converter 
TFIL:  Tunable  wavelength  filter 
TCNV:  Tunable  wavelength  converter 

Fig.  1  Modular  expandable  switch  architectures 


MWFIL:  Multi-wavelength  filter 
GSW:  Gate  switch 
A  wi-  A  wn:  Working  wavelengths 
A  Ri-  A  Rn;  Reserved  wavelengths 

Fig.  4  Structure  of  the  bypass  block 


A  wi-  A  wn:  Working  wavelengths  A  wi -  A  Wn:  Working  wavelengths 

A  Ri-  A  Rn:  Reserved  wavelengths  A  ri-  A  Rn:  Reserved  wavelengths 

Fig.  2  Failure  recovery  using  reserved  wavelengths  Fig.  3  Cross-connect  architecture  for  failure  recovery 
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Recent  progress  of  communications  requires  the  next  genera¬ 
tion  of  fiber  optic  communication  systems  such  as  wavelength 
multiplexing  system  (WDM)  or  optical  time  division  multiplexing 
system  (OTDM).  For  the  demand  on  increase  of  transmission  capaci¬ 
ty,  it  is  important  to  consider  the  wavelength  dispersion  of  an 
optical  fiber  network  and  the  gain  spectrum  of  an  erbium  doped 

stems, 

,2), 3) 

In  this  paper,  we  describe  the  construction  and  the  specifica¬ 
tions  of  a  light  source  stabilized  to  an  absorption  line  of 
hydrogen  cyanide  (HCN)  gas  on  1.55pm  band. 

Since  it  is  well  known  that  many  absorption  lines  of  HCN  is 
on  1.55pm  wavelength  band,  and  the  distance  between  neighboring 
absorption  lines  of  an  isotope  of  hydrogen  cyanide  such  as 
h13c1^  is  about  lOOGHz  at  optical  frequency,  we  chose  HCN  gas 
for  the  wavelength  stabilized  light  source  as  a  standard  materi¬ 
al.  The  schematic  diagram  of  the  light  source  is  shown  in  fig.l. 
The  optical  frequency  from  laser  diode(LD)  is  modulated  about 
±5MHz  by  injection  current  with  a  small  sinusoidal  signal  at 
2kHz.  To  maintain  the  wavelength  from  LD  to  the  center  of  an 
absorption  line,  two  photodiodes (PD)  and  a  divider  are  employed, 
and  the  output  of  the  divider  is  synchronously  detected  by  a 
lock-in-amplifier  which  output  is  fed  back  to  the  LD  current. 
Fig. 2  shows  the  short-term  stability  evaluated  by  the  square 
root  of  the  Allan  variance  for  various  averaging  times  t  in  beat 
frequency  fluctuation  between  two  light  sources.  A  square  root  of 
the  Allan  variance  was  obtained  2.5x10“^®  for  r  of  10s. 

The  absolute  frequency  and  the  long-term  stability  in  opti¬ 
cal  frequency  of  a  wavelength  stabilized  light  source  were  evalu- 


fiber  amplifier.  In  order  to  realize  above  fiber  optic  s; 
several  wavelength  standards  are  now  under  development . ^ 
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ated  using  a  specially  designed  wavelengthmeter  developed  by 
National  Research  Laboratory  of  Metrology  and  Yokogawa  Electric 
Corp..^^  Fig. 3  shows  the  optical  setup  of  the  wavelengthmeter. 
The  entire  Michelson  interferometer  having  a  servo-controlled 
plain-moving  mirror  is  put  into  a  vacuum  chamber  and  the  refer¬ 
ence  laser  is  offset-locked  by  +100MHz  to  a  standard  He-Ne  laser 
stabilized  to  the  R( 127 ), e-component .  The  frequency  of  the 
l2-stabilized  He-Ne  laser  has  already  been  calibrated  to  within 
an  accuracy  of  6x10“^^.  The  optical  frequency  of  the  light  source 
stabilized  to  the  absorption  line  P(16)  of  was  evaluated 
to  be  192843.285GHz  with  the  standard  deviation  less  than  iMHz. 
The  long-term  stability  in  the  frequency  of  one  of  our  wavelength 
stabilized  light  sources  is  shown  in  Fig. 4.  The  change  in  the 
frequency  and  the  wavelength  are  less  than  0.4MHz  and  0.003pm 
over  2  years,  respectively.  Very  small  change  has  been  achieved 
in  the  frequency  characteristics  of  a  wavelength  stabilized  light 
source  using  an  absorption  line  of  HCN. 

As  the  result  of  the  long-term  stability  evaluation,  a  light 
source  stabilized  to  the  absorption  line  of  HCN  is  suitable  for  a 
wavelength  reference  in  a  WDM  system  and  the  other  optical  net¬ 
work  systems. 
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Fig.l  The  schematic  diagram  of  a  wavelength 
stabilized  light  source. 
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Fig. 2  Short-term  stability  evaluated  by  the  square  root 
of  Allan  variance  in  beat  frequency  fluctuation 
between  two  light  sources. 


Fig. 3  Optical  setup  of  wavelengthmeter  having  a  servo- 
controlled  plain-moving  mirror. 


Fig. 4  Long-term  stability  in  the  frequency  characteristics 
of  a  wavelength  stabilized  light  source. 
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Photonics  and  ATM  Switching 


Jacques  Dupraz 
Alcatel 

Rte.  de  Nozay,  Marcoussis,  F-91460,  France 


ATM  in  switching  and  optics  in  transmission  are  the  key  technologies  of  future  broadband 
networks.  This  paper  discusses  the  problems  associated  with  the  introduction  of  photonics 
ATM  switching  from  a  technical  viewpoint. 
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1  Introduction 

A  large  scale  introduction  of  broadband  services  would  put  challenging  demands  on  the  telecom 
transport  network.  The  rapid  development  in  optical  transmission  will  most  likely  meet  the  demands  in 
this  area,  whereas  the  potential  bottlenecks  are  found  in  the  transport  network  nodes.  New  technologies 
are  needed  to  handle  the  large  traffic  through  the  nodes  more  efficiently. 

There  is  a  continuous  development  towards  a  higher  degree  of  integration  in  switching  hardware, 
especially  for  integrated  circuits.  However,  the  demand  for  considerably  higher  capacity  in  broadband 
telecom  nodes  will  still  result  in  a  large  amount  of  hardware.  Interconnection  between  different  parts  of 
the  switch  fabric  will  be  increasingly  difficult  as  the  bandwidth  increases.  Optical  Interconnects  (OIC) 
are  well  suited  for  carrying  high  speed  data  streams  within  a  switch  node.  It  is  expected  that  OICs  will 
be  used  e.g.  in  large  ATM  switches  for  transferring  of  signals  between  cabinets.  The  bandwidth  that  has 
to  be  supported  between  two  cabinets  can  be  tens  of  Gigabit/s.  The  OICs  are  not  optically  connected  to 
the  fiber  transmission  lines  used  between  switch  nodes,  i.e.  OICs  have  to  be  efficient  enough  to  compete 
with  coaxial  cables  on  equal  terms. 

The  next  step  would  be  to  introduce  photonic  switching  of  OICs  for  even  larger  switches.  In  this  case 
the  optical  domain  is  already  introduced  in  the  switch  and  a  photonic  switch  element  can  be  used  directly 
to  switch  data  streams  between  OICs  in  contrast  to  an  electronic  switch  element  which  has  to  be  com¬ 
bined  with  electro-optical  conversion.  The  requirements  on  the  photonic  switch  elements  are  less  de¬ 
manding  as  compared  to  switching  of  fiber  transmission  lines.  The  optical  power  budget  is  usually  larger 
and  dispersion  effects  can  be  disregarded. 

The  ideal  task  for  photonic  switching  is  infrequent  and  slow  space  switching  of  high  bit-rate  signals. 
The  switching  should  be  controlled  by  electronics  and  not  have  to  be  synchronized  to  the  bitstreams 
which  are  switched  nor  require  any  memories.  It  is  also  advantageous  if  wavelength  multiplexing  can 
be  utilized  since  it  introduces  a  new  dimension  in  photonic  switching.  Examples  of  how  these  types  of 
photonic  switching  can  be  utilized  to  obtain  large  flexible  broadband  switch  nodes  are  described  in  this 
paper. 

In  paragraph  2  suitable  applications  are  presented.  In  paragraph  3  an  ATM-switch,  with  Terabit/s 
capacity,  is  outlined  as  a  more  detailed  example. 

2  Suitable  applications  for  photonic  switching 

There  are  two  applications  where  OICs  are  likely  to  be  used  and  where  photonic  switching  can  add 
further  advantages:  A)  Between  SONET/SDH  transmission  equipment  and  a  switch  or  cross-connect; 
B)  Within  a  large  switch  or  cross-connect. 

A1  RpHnnHancv!  A  group  of  SONET/SDH  Line  Terminals  (LT)  are  connected  to  a  group  of  Ex¬ 
change  Terminals  (ET),  instead  of  a  one-to-one  relation  between  LTs  and  ETs.  A  simplified  example 
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which  illustrates  the  application  is  shown  in  Figure  1.  This  arrangement  maintains  full  throughput  if  one 
of  the  ETs  fails  and  reduced  throughput  if  one  of  the  switches  fails. 


Photonic  switch 


Figure  1  Redundancy  through  photonic  switching 

A2  Flexibility:  Both  ATM-switching  and  circuit-switching  use  SDH/SONET  for  transmission.  The 
two  switch  modes  will  most  likely  coexist  in  future  telecom  networks.  Photonic  switching  can  connect 
the  transmissions  lines  to  the  different  switch  types  according  to  the  changing  traffic  behaviour.  This 
will  increase  the  flexibility  in  the  network. 

B  Within  a  .switch:  Photonic  switching  can  be  used  if  the  switch  architecture  has  a  block  with  pure 
space  switching  which  only  requires  relatively  slow  switching.  This  may  seem  as  severe  restrictions  but 
it  is  quite  possible  to  design  efficient  switch  architectures  using  such  blocks.  An  example  is  described 
below. 

3  A  Terabit/s  ATM  switch  with  photonic  switching 

Switch  architecture:  Photonic  switching  is  used  to  connect  different  ATM  access  units,  see  Figure 
2.  The  bandwidth  allocated  between  the  units  will  change  in  response  to  changes  in  traffic.  The  switch 
has  a  three  stage  structure,  where  the  first  stage,  the  input  stage,  is  partitioned  equally  between  the  access 
units.  This  is  also  the  case  for  the  third  stage,  the  output  stage.  These  stages  are  both  using  electrical 
switching,  whereas  the  second  stage  is  performed  by  the  photonic  switch  fabric.The  photonic  switch 
fabric  routes  2.5  Gb/s  cell  streams  in  the  optical  domain.  Changes  in  the  routing  can  be  done  in  the  mil¬ 
lisecond  time  scale  i.e.  the  photonic  switch  acts  as  a  cross-connect  and  does  not  have  to  switch  individual 
ATM  cells. 

The  ATM  access  unit  is  composed  of  two  parts.  It  has  one  part  which  belongs  to  the  input  stage  of 
the  switch,  where  the  inputs  are  connected  to  device  boards  with  different  speeds  and  the  outputs  holds 
the  transmitter  end  of  optical  interconnects  carrying  ATM  cell  streams  at  2.5  Gb/s.  The  purpose  of  this 
part  is  to  route  the  cells  to  the  correct  output  and  synchronize  them  to  other  cells  which  have  been  routed 
to  the  same  output.  The  other  part  of  the  access  unit  belongs  to  the  output  stage  of  the  switch.  It  has  op¬ 
tical  interconnect  receivers  at  the  inputs  and  the  outputs  are  connected  to  the  same  device  boards  as  the 
input  stage  part.  The  purpose  of  the  output  stage  part  is  to  route  the  incoming  cells  to  the  correct  device 
board.  The  output  stage  part  is  equipped  with  ATM  cell  buffers  which  are  used  to  resolve  congestion  at 
the  outputs. 

Both  the  input  stage  part  and  the  output  stage  part  are  complete  switches,  i.e.  ATM  cells  can  be  rout¬ 
ed  from  any  input  to  an  arbitrary  output.  This  gives  the  flexibility  needed  to  obtain  a  non-blocking  three 
stage  switch  structure.  Up  to  16  ATM  access  units  can  be  connected  to  the  photonic  switch  fabric  which 
gives  a  total  switch  capacity  of  1.25  Tb/s. 
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Total  input 
bandwidth: 
80  Gb/s 

Access 

speeds: 

155  Mb/s 
622  Mb/s 
2.5  Gb/s 


Total  output 
bandwidth: 
80  Gb/s 


A 


Figure  2  A:  Schematic  picture  of  the  ATM  access  unit 

B:  The  photonic  switch  fabric  in  its  context,  PSU:  Photonic  Switch  Unit. 

System  characteristics:  Following  the  ATM  standard,  traffic  treated  by  the  switch  is  connection  ori¬ 
ented,  i.e.  a  connection  is  established  between  the  end  users  before  ATM  cells  are  sent  and  routed 
through  the  switch.  Cells  belonging  to  a  certain  connection  are  always  routed  in  the  same  way  through 
the  switch.  The  main  characteristics  of  each  connection  is  stored  in  the  management  system  which  is 
associated  with  the  switch.  Based  on  that  information  e.g.  peak  bandwidth,  burst  duration,  a  rough  esti¬ 
mate  of  how  the  available  bandwidth  between  the  access  units  should  be  divided  can  be  made.  The  es¬ 
timate  is  continuously  updated  as  existing  connections  are  closed  and  new  ones  are  established.  The 
optical  paths  through  the  photonic  switch  fabric  are  created  in  accordance  with  the  estimate  and  can  be 
changed  by  the  management  system  when  needed.  The  photonic  switch  fabric  is  designed  to  be  non- 
blocking  to  ensure  that  the  estimated  bandwidth  allocation  always  can  be  carried  out. 

The  photonic  switch  fabric:  Figure  2B  shows  the  stmcture  of  the  photonic  switch  fabric  and  its  con¬ 
nections  to  the  input  and  output  stages  of  the  switch.  The  photonic  switch  fabric  is  composed  of  32  pho¬ 
tonic  switch  units  (PSU).  Each  PSU  has  16  inputs  and  32  outputs.  It  is  a  16  x  16  switch  matrix  with  a 
1:2  passive  split  at  each  matrix  output.  Only  space  switching  is  performed  in  the  photonic  switch  fabric. 
The  1:2  passive  splits  are  introduced  to  obtain  a  more  flexible  bandwidth  allocation  between  ATM  ac¬ 
cess  units.  That  feature  is  not  explained  in  this  summary. 

Nnn-hincking  through  WDM:  In  order  to  fulfil  the  requirements  on  a  non-blocking  switch  network 
wavelength  division  multiplexing  (WDM)  is  used.  The  optical  transmitters  in  the  input  stage  can  emit 
either  of  two  different  wavelengths  and  the  receivers  in  the  output  stage  can  select  either  of  them.  The 
PSU  is  not  wavelength  selective,  hence  the  WDM  is  only  performed  in  the  input  and  output  stages.  It  is 
possible  to  omit  the  WDM  scheme,  but  then  the  number  of  inputs  and  outputs  in  the  ATM  access  units 
have  to  be  doubled  and  the  photonic  space  switch  has  to  be  expanded  accordingly. 
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Introduction 

More  and  more,  the  capacity  of  telecommunication  networks  will  have  to  be  increased  so  as  to 
meet  the  future  needs  of  the  customers  in  terms  of  bandwidth.  ATM  has  been  identified  as  a  standard 
switching  technique  for  the  future  broadband  network.  For  these  reasons  an  optical  ATM  switching 
architecture  [1]  has  been  proposed  and  recently  demonstrated  with  the  build  up  of  a  4x4  switching 
matrix  operating  at  2.5  Gbit/s. 

Tremendous  progress  has  been  achieved  in  the  field  of  the  switching  components.  The  all  optical 
wavelength  converters  [2],  multiwavelength  optical  gates  and  wavelength  channel  selectors  [3]  are  as 
many  key  components  enabling  the  implementation  of  future  photonic  ATM  switching  architectures. 

In  this  paper,  we  describe  a  new  optical  switching  architecture  relying  on  the  same  principles  as 
those  used  for  the  previous  demonstrator  [4]  but  arranged  in  a  different  way,  following  the  so-called 
broadcast-and“select  scheme.  First  experimental  results  obtained  at  a  bit  rate  of  2.5  Gbit/s  are  also 
reported. 


The  optical  ATM  switch  architecture 

The  switching  architecture  relies  on  the  use  of  wavelength  encoding  to  achieve  cell  routing  and 
the  exploitation  of  optical  Fiber  Delay  Lines  (FDLs)  accessed  by  fast  optical  gates  to  perform  cell 
buffering  and  time  switching.  The  NxN  matrix,  described  in  figure  1 ,  is  basically  composed  of  three  main 
blocks,  namely  the  cell  encoder,  the  cell  buffer  and  the  cell  sdector. 

•  The  wavelength  encoding  block  consists  of  a  set  of  N  All  Optical  Wavelength  Converters  (AOWCs), 
one  per  input  and  each  being  assigned  one  fixed  wavelength. 

•  The  buffering  and  time  switching  block  includes  M  Fiber  Delay  Lines  (FDLs)  and  a  space  switch  using 
Semiconductor  Optical  Amplifier  Gates  (SOAGs). 

•  The  wavelength  selection  block  is  based  on  a  set  of  N  Wavelength  Channel  Selectors  (WCSs)  built  up 
with  optical  demultiplexers  and  SOAGs. 

The  principle  of  operation  can  be  depicted  as  follows.  Each  incoming  cell  is  assigned  one 
wavelength  by  means  of  a  wavelength  converter  identifying  its  input  port,  and  then  fed  into  the  cell 
buffer.  Xll  cells  are  experiencing  all  possible  delays  achievable  within  the  buffer.  The  role  of  optical  gates 
of  the  buffer  associated  to  each  output  of  the  switch  is  to  select  one  timeslot  corresponding  to  the 
appropriate  delay,  as  determined  from  actual  traffic  conditions  at  the  input.  All  signals,  at  all  available 
wavelengths  are  gated  simultaneously.  Finally  the  wavelength  selector  only  discriminates  one  outgoing 
cell  at  a  time,  on  the  basis  of  its  encoding  wavelength,  i.e.  its  input  address.  One  of  the  main  advantages 
offered  by  the  proposed  architecture  is  inat  multicasting  is  provided  easily,  as  the  same  wavelength  can 
be  selected  at  any  time  at  any  output  port.  This  should  oe  of  prime  importance  to  meet  the  requirements 
of  future  applications  and  services. 

Three  key  devices  are  required  for  the  implementation  of  this  architecture,  namely  the  AOWC, 
the  SOAG  and  the  WCS. 

•  The  AOWC  can  be  based  on  a  SOA  operated  under  cross-saturation  regime  [2].  This  device  has  proven 
to  be  easy  to  use  thanks  to  its  polarisation  and  wavelength  insensitivity  and  could  moreover 
accommodate  very  high  bit  rates.  By  adopting  a  contra-directionnal  launching  configuration,  the  device 
can  cope  with  an  input  wavelength  identical  to  the  ouptut  one. 

•  Both  the  buffer  and  the  SOAGs  are  to  be  operated  in  a  multi-wavelength  regime.  To  avoid 
interchannel  cross-modulation  which  might  occur  in  conventional  SOAs,  clamped-gain  SOAs  [5]  are 
required,  which  maintain  the  gain  at  a  constant  value.  Dynamic  ranges  of  input  power  well  above  1 2  dB 
have  been  recorded  at  2.5  Goit/s  on  first  samples  tested  in  our  laboratory,  allowing  a  capacity  of  16 
channels  in  such  an  architecture. 

•  The  WCS  could  be  realised  by  combining  one  optical  demultiplexer  to  separate  the  wavelengths,  a  set 
of  SOAGs  to  achieve  the  cell  selection  and  one  multiplexer  to  recombine  the  selected  cells  towards  one 
common  output  port.  This  device  takes  advantage  from  the  fast  switching  capability  of  the  SOAGs. 
Previous  preliminary  experiments  at  2.5  Gbit/s  hove  shown  that  such  a  device  can  cope  with  a  2-bit 
guardband  with  a  negligible  penalty  [6]. 
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Experimental  results  and  discussion 

A  first  experimental  set-up  operating  at  2.5  Gbit/s  was  assembled  and  equipped  so  as  to 
experimentally  simulate  switching  matrices  with  various  sizes.  The  hardware  actually  implemented  is 
represented  with  thick  lines  in  figure  1 .  Each  incoming  optical  signal  experiences  a  transmission  path 
throughout  the  switching  matrix,  which  is  to  some  extend  independent  from  the  size  of  the  switch. 
Contrary  to  what  occurr^  in  the  previously  proposed  architecture,  each  signal  does  not  suffer  from  any 
accumulation  of  extra  noise  generated  by  amplifier  gates  other  than  those  involved.  The  only  limitations 
of  size  are  imposed  by  both  the  input  power  and  the  dynamic  range  of  the  SOA  gates. 

The  figure  2a  shows  the  Bit  Error  Rate  (BER)  performance  as  a  function  of  the  switch  size  (4x4 
and  16x16)  when  only  one  channel  is  launched  into  the  switch.  A  0.7  dB  penalty  was  recorded  for  a 
4x4  switch  with  respect  to  the  back-to-back  and  no  additional  penatly  has  been  measured  increasing  the 
switch  size  to  1 6x1 6, 

The  figure  2b  shows  the  BER  evolution  for  both  sizes  when  feeding  the  switch  with  an  additional 
source  simulating  the  presence  of  the  3  or  1 5  missing  channels.  A  less  than  1  dB  penalty  has  been 
recorded  in  both  configurations  with  less  than  0.5  dB  variation  on  the  sensitivity  due  to  the  switch  size 
increase. 

The  present  architecture  takes  advantage  of  components  with  fast  switching  times.  The 
switching  functions  are  essentially  located  in  SOA  devices.  When  electrically  driven,  the  switching  time 
is  below  800  ps  (rise  time  +  delay).  Thus,  the  guard  band  can  be  limited  to  only  two  bits.  The  integration 
can  be  easily  effective  with  an  optical  gate  array  technique  [7].  The  integration  is  also  possible  in  the 
WCS  [3,7]  which  offers  attractive  perspectives. 

Keeping  in  mind  that  the  guard  band  can  be  reduced  to  only  two  bits  at  2.5  Gbit/s,  the  upgrade 
to  bit  rate  as  high  as  10  Gbit/s  is  quite  realistic  (one  byte  for  the  guardband).  The  number  of  inputs  is 
limited  currently  to  1 6  but  can  be  iincreased  by  an  optimisation  of  the  SOAGs.  With  a  sufficiently  high 
input  power  in  the  first  stage  (after  the  first  multiplexer)  the  output  optical  signal-to-noise  ratio  would  be 
high  enough  to  allow  the  cascade  of  elementary  modules. 

Conclusion 

The  new  optical  ATM  switch  architecture  takes  advantage  of  new  optoelectronic  components 
capable  of  fast  switching.  Experiments  at  2.5  Gbit/s  using  a  wavelength  channel  selector  [6]  have 
shown  the  ability  to  reduce  the  guard  band  to  only  two  bits  at  2.5  Gbit/s  with  no  extra  penalty  due  to 
the  switching  regime.  Theoretical  predictions  have  shown  a  favorable  optical  signal-to-noise  ratio  (more 
than  19  dB  in  a  0.5  nm  filter  bandwidth)  at  each  output  of  the  switching  matrix.  Experimental  tests  on 
one  optical  path  through  the  matrix  in  transmission  regime  at  a  bit  rate  of  2.5  Gbit/s  have  led  to  a 
penalty  lower  than  1  dB  compared  to  the  back  to  back  in  a  16x16  configuration.  No  more  than  0.5  dB 
penalty  has  been  recorded  between  the  4x4  and  the  16x16  configuration.  Finally  the  number  of 
channels  simulated  by  turning  on  or  off  an  extra  source  simulating  the  presence  of  16  channels  and  by 
adjusting  the  channel  powers  did  not  introduce  any  significant  variation  of  the  transmission  performance. 
Thanks  to  the  high  performance  obtained  and  its  capability  for  broadcasting,  the  novel  photonic  ATM 
switching  architecture  seems  very  promising  for  future  broadband  applications. 
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Figure  1  :  The  ATM  switching  architecture  in  a  N  x  N  configuration 
containing  a  M  position  buffer. 

The  thick  lines  indicate  the  optical  path  actually  implemented  and  tested. 


Received  power  (dBm)  Received  power  (dBm) 


Figure  2  :  Transmission  tests  at  2.5  Gbit/s  for  different  sizes  N=4  or  1 6 
a  :  when  only  one  channel  is  launched  into  the  switch, 
b  :  when  feeding  the  switch  with  an  additional  source  in  order 
to  simulate  the  presence  of  1 6  channels. 
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We  present  the  Stretch  multistage  switch;  a 
class  of  self-routing  multistage  interconnection 
networks  that  provides  a  continuous 
performance-cost  tradeoff  between  two  of  its 
degenerate  forms;  the  Knockout  switch^  and 
the  Tandem  banyan  network^.  Stretch 
networics  utilize  simple  destination  tag  routing 
and  can  be  designed  to  achieve  low  delay  and 
arbitrarily  low  blocking  probabilities  for 
random,  permutation,  and  non-uniform  traffic 
without  using  internal  buffers  in  the  switches. 
These  qualities  tiudtc  them  useful  for  both  fast 
packet  (ATM)  switching  and  multiprocessor 
architectures.  The  flexibility  of  the  architecture 
helps  the  designer  to  accommodate  user 
requirements  in  terms  of  packet  loss 
probabilities  while  allowing  the  structure  of 
network  to  be  driven  by  technology 
considerations.  The  advantages  of  the  Stretch 
multistage  switching  fabric  come  to  bear  in 
cases  where  the  number  of  channels  is  very 
large  and  the  ability  to  use  fanout  in  the 
network  is  available.  These  considerations 
make  it  a  good  candidate  for  a  photonic 
implementation.  In  this  paper,  we  discuss  the 
design  of  switch  fabric  and  suggest  a  possible 
photonic  switch  implementation. 

There  are  two  primary  sources  of  packet 
loss  in  fast  packet  switches:  internal  link 
contention  (ILC)  and  output  port  blocking 
(OPB).  The  former  occurs  when  two  or  more 
packets  contend  for  the  use  of  the  same 
interconnection  link  within  the  network.  The 
latter  occurs  when  more  than  one  packet 
attempts  to  exit  the  switch  on  the  same  oumut 
port.  According  to  the  Knockout  principle*,  a 
ceiling  on  the  packet  loss  probability  can  be 
achieved  by  incorporating  a  fixed  number  of 
buffers  per  output  port.  The  knockout  switch 
uses  a  fully  connected  switch  architecture  (N^ 
links  and  switches)  to  eliminate  ILC  and  a  fixed 


number  of  buffers  per  output  port  to  limit  OPB. 
However,  for  large  numbers  of  interconnected 
channels  or  ports,  architectures  that  limit  the 
bisection  width  of  the  network  to  NF  (with  F  < 
LogN)  arc  preferable.  At  the  other  end  of  the 
performance/cost  spectrum,  a  Tandem  banyan 
switch  minimizes  bisection  width  and  the 
number  of  links  and  switches;  it  uses  multiple 
banyan  networks  placed  back-to-back  to  reduce 
ILC,  and  output  buffers  to  limit  OPB.  But,  for 
delay  sensitive  applications,  and  for  non- 
uniform  “hot-spot”  traffic,  the  need  to  reduce 
ILC  in  Tandem  banyan  networks  becomes 
apparent. 

The  “Stretch”  network  was  designed  to 
provide  a  tradeoff  between  the  Knockout  switch 
and  the  Tandem  banyan  in  terms  of  ILC.  In 
physical  rerms,  this  is  accomplished  by  trading 
the  bisection  width  of  the  network  versus  the 
number  of  switching  stages  (depth).  Stretch 
networks  incorporate  fanout  stages  similar  to 
extended  generalized  shuffle  (EGS)  networks^, 
concentrating  fanin  stages  similar  to  the 
knockout  switch^,  and  cascaded  back-to-back 
networks  similar  to  the  Tandem  banyan 
network^.  The  fanout  stages  enable  partial 
contention-free  routing  to  one  of  F  pipes;  the 
fanin  stages  provide  buffering  and 
concentration  of  outgoing  packets,  and  the 
back-to-back  extended  banyan  networks 
provide  low  contention  routing.  A  Stretch 
switch  is  characterized  ^  a  number  of 
parameters:  N,F,K,P,R,  and  T^’^.  N  denotes  the 
number  of  input/output  channels  .  F  is  the 
maximum  fanout  or  fanin.  K  is  the  number  of 
input/outputs  of  the  switching  clement  used  in 
the  switching  and  routing  stages.  P  is  the 
number  of  packet  buffers  per  output  channel. 
R  is  the  number  of  back-to-back  replications  of 
the  unipath  Strctch[N,F.l)  network,  and  T  is  the 
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Hgure  1:  Archiiecture  of  Stretcfa[N4’,l]  switches  wiA 
F=l,  2,  and  8  respectively.  The  bisection  width  of  the 
network  is  NF.  The  fanout  stage  ^vides  contention- 
free  routing  to  one  of  F  logical  '^ipes"  using  the  first 
Log2F  bits  of  the  destination  addresses  for  each  of  the 
N  input  packets.  The  remaining  Log2(N/F)  bits  are 
consumed  in  the  switching  stages  that  route  packets  to 
the  correct  output  concentrates. 


The  basic  unipatfa  Stretch[N,F.l]  switch  is 
shown  in  figure  1.  At  one  extreme  (F=N).  the 
Knockout  switch  is  fully  connected  and 
contention-free.  At  the  other  (F=l),  the  well 
known  banyan  network  achieves  maximum 
connection  multiplexing  but  suffers  a  high 
degree  of  internal  link  contention.  In  a  unipatb 
Stretch[N,F,l]  switch,  the  number  of  logical 
routing  stages  remains  the  same  (Log2N) 
regardless  of  the  fanout;  this  enables  simple 
destination-based  routing  techniques  to  be 
used.  These  unipath  stretch  network  may  then 
be  cascaded  back-to-back  to  achieve  low 
contention  (Figure  2),  or  in  parallel  (T  >  1)  to 
achieve  tolerance  to  faults  and  reduced  effective 
loading.  Output  port  contention  is  alleviated 
using  a  finite  number  of  bufrers  at  each  output 
channel,  according  to  the  Knockout  principle^. 
Note  that  the  parameters  T,  R,  and  F  can  also  be 
implemented  in  the  time  domain.  leading  to  the 
notion  of  a  “time-dilated”  Stretch  network.  A 
common  feature  of  all  Stretch  networks  is  that 
each  stage  of  the  networks  uses  a  simple 
perfect-shuffle  interconnection,  or  any  of  the 
topologically  equivalent  connection  patterns^. 


Input  packets  arc  routed  without  contention  to  one  of  F 
pipes.  Once  in  a  pipe,  packets  that  suffer  contention 
on  the  last  Ijog2(N/F)  tnts  of  their  destination  address 
in  the  first  [N,F,I]  network  are  subsequently  routed  to 
their  correct  destinations  in  the  following  (R^l) 
networks.  Subsequent  networks  in  the  chain  do  not 
require  fanout  stages.  Buffers  placed  at  each  ou^ut 
port  of  the  network  collect,  store,  and  forward  all 
coneedy  routed  packets. 

We  have  analyzed  the  performance  of  the 
network  under  uniform  traffic,  and  performed 
extensive  simulations  of  the  performance  of  the 
Strctch[N,F,R]  switch  under  uniform, 
permutation  and  “hot-spot”  traffic.  Figure  3 
shows  the  probability  of  packet  loss  due  to 
internal  link  contention  of  the  new  switch 
architecture  under  fully-loaded  uniform  and 
permutation  traffic.  The  case  where  F=1 
corresponds  to  the  Tandem  banyan  network. 
Note  that  a  relatively  small  amount  of  fanout 
provides  a  much  better  scaling  in  terms  of  cell 
loss  rates  versus  the  number  of  banyan 
networks  (R)  placed  end-to-end.  Figure  4 
shows  the  performance  of  the  network  under 
fully  loaded,  non-uniform,  1%  “community- 
of-intcrcsi  “  (COI)  traffic.  This  occurs  when 
all  input  ports  send  1  %  of  their  input  packets  to 
a  specific  output  port.  The  remaining  traffic  is 
uniform.  For  this  type  of  traffic,  fanout  is 
essential  to  alleviate  “hot-spots,”  that  can 
severely  congest  the  network.  We  have  also 
investigated  the  effect  of  limiting  the  number  of 
packet  buffers  per  output  port.  For  a  specific 
traffic  type,  this  sets  a  floor  on  the  packet  loss 
probability  due  to  OPB;  further  improvement 
of  ILC  by  increasing  F  and  R  does  not  reduce 
the  overall  cell  loss  rate.  For  instance  with  folly 
loaded,  uniform  traffic  in  a  network  with  1024 
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channels,  P=4  limits  the  cell  loss  rate  to 
approximately  10'^;  P=6  limits  it  to  10'^;  and 
P=8  to  10"^  etc.  In  our  presentation,  we  will 
discuss  designs  that  balance  ceU  loss  rates  due 
to  each  of  these  factors,  for  different  traffic 
types  and  loading. 

The  correct  parameterization  of  a  Stretch 
netwoiic  in  tenns  of  the  F,  R,  K,  P,  and  T  values, 
is  dependent  on  traffic  characteristics, 
performance  requirements,  and  technology  cost 
considerations.  As  figure  3  indicates,  multiple 
Stretch  network  configurations  exist  to  satisfy  a 
given  set  of  performance  requirements  and 
traffic  types;  this  enables  the  architecture  to  be 
tailored  to  capitalize  on  the  strengths  of  a 
particular  technology.  For  a  smart  pixel 
implementation  of  such  a  switching  fabric,  the 
required  number  of  channels,  the  maximum 
acceptable  loss  rates,  and  the  traffic  type«  and 
loading  of  traffic  of  traffic  are  typically 
specified  by  the  rad  user.  Device  and  system 
considerations  dictate  the  clock  speed,  the 
power  budget,  system  losses,  the  appropriate 
switching  element  size,  and  the  maximum 
available  fanout  per  stage  (which  in  turn 
d^nds  on  the  receiver  sensitivity).  These  will 
lypicafly  set  an  ufper  limit  to  bisection  width  of 
tile  network  (NF  channels).  The  parameters  R 
and  P  can  then  be  tuned  to  meet  performance 
specifications.  Hie  architecture  can  be  made 
"growable”  or  scalable,  and  also  fault  tolerant, 
by  placing  several  (T)  such  Stretch[N,F,R)  in 
parallel.  Scalability  and  nuxlularity  can  also  be 
achieved  by  designing  tiie  network  at  lower  line 
speeds  (high  effective  loading)  and  by  tuning 
up  the  line  speeds  (lower  effective  loading). 


R 


Figure  3:  Packet  loss  probability  under  unifonn  (solid 
lines)  and  permutation  (dotted  lines)  traffic  for  a 
Stretch!  1024.F.RJ  switch.  Packets  that  suffer 


contention  on  the  last  Log2(N/F)  bits  of  their 
destination  address  are  subsequently  routed  to  their 
coirect  destinations  in  the  following  networks. 


Figure  4;  Packet  loss  probability  under  1% 
‘’community  of  interest”  traSffic  superimposed  over 
uniform  traffic  (99%)  for  a  fully  loaded 
Stretch! 1024P,R1  switch.  The  effect  of  ad^ng  fanout 
to  the  network  is  more  pronounced  for  non-unifenm 
traffic  patterns. 
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1  Introduction 

Free-space  optical  interconnection  networks  can  be 
classified  into  two  types,  space  variant  and  space  in^ 
variant^  according  to  the  degree  of  space  variance 
[1],  The  degree  of  space  variance  determines  the  net¬ 
work’s  complexity  and  regularity  A  totally  space 
variant  network  allows  a  completely  arbitrary  inter¬ 
connection  between  nodes,  whereas  a  totally  space 
invariant  network  has  a  definite,  regular  structure 
with  all  the  nodes  having  the  same  connection  pat¬ 
terns.  In  terms  of  physical  implementations,  the  de¬ 
gree  of  space  variance  can  be  interpreted  a^  the  de¬ 
gree  of  sharing  beam  steering  optics  among  the  nodes 
of  a  given  network.  In  other  words,  all  nodes  in  a  to¬ 
tally  space-invariant  network  can  share  a  single  beam 
steering  optics  (considering  multiple  fanouts  as  one 
steering  optics)  to  realize  the  given  network  topol¬ 
ogy,  whereas,  in  a  totally  space  variant  network,  each 
node  requires  a  distinct  beam  steering  optics.  This  is 
one  of  the  reasons  why  space  variant  networks  require 
complex  optical  implementations  that  often  result  in 
low  interconnection  density  and  high  cost. 

However,  space  invariant  networks  require  mech¬ 
anisms  for  distinguishing  the  origins  of  incoming 
beams  (or  signals)  detected  at  the  node  since  sev¬ 
eral  signals  may  arrive  at  the  same  time  if  the  node 
degree  of  the  network  is  greater  than  one.  We  can 
distinguish  the  origins  of  the  incoming  signals  if  each 
signal  has  unique  wavelength  (wavelength  division 
multiplexing)  or  each  signal  arrives  at  uniquely  as¬ 
signed  timeslot  (time  division  multiplexing).  For  an 
A-node  network,  this  would  require  up  to  N  different 
wavelengths  or  N  timeslots.  Therefore,  for  a  large- 
scale  interconnection  network,  the  requirement  for 
the  prohibitively  large  number  of  wavelengths  makes 
such  solutions  impractical  since  the  number  of  wave¬ 
lengths  from  the  currently  available  light  sources  is 
very  limited.  Similarly,  the  use  of  large  number  of 
timeslots  would  result  in  unacceptably  large  commu¬ 
nication  latency.  It  should  be  noted  that  the  incom¬ 
ing  signal  distinction  problem  can  be  easily  solved 
in  space  variant  networks  since  we  can  have  each  in¬ 
coming  beam  hit  on  a  difference  detector  within  the 
receiving  node.  This  can  be  done  easily  in  totally 
space  variant  networks  because  each  incoming  sig¬ 


nal  has  its  own  beam  steering  optics.  The  incoming 
signal  distinction  by  the  use  of  a  unique  detector  for 
each  incoming  signal  is  based  on  the  concept  of  space 
division  multiplexing.  In  a  totally  space-invariant 
network  with  N  nodes,  a  trivial  space  division  mul¬ 
tiplexing  scheme  always  exists  if  each  node  has  N  —  l 
detectors.  In  this  paper,  we  present  a  method  for  re¬ 
ducing  the  required  number  of  detectors  per  node 
for  incoming  signal  distinction  in  a  space-invariant 
network. 

2  Motivation 

Let  us  consider  an  example  network  of  a  linear  ar¬ 
ray  with  4  nodes  as  shown  in  Fig.  1.  Fig.  l.a  shows 
the  topology  of  the  4-node  linear  array  and  Fig  l.b 
presents  a  side  view  of  a  totally  space  invariant  op¬ 
tical  implementation.  A  beam  steering  optics  is  re- 
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(a) 


Figure  1:  An  example  network  of  a  4-node  linear  array, 
(a)  the  topology,  (b)  A  totally  space-invariant  optical 
implementation.  Each  node  is  connected  to  neighbor¬ 
ing  nodes  on  both  side  except  nodes  on  extreme  ends. 

sponsible  for  generating  two  fanouts,  one  fanout  to 
the  right  neighboring  node  and  the  other  to  the  left 
neighboring  node.  We  can  see  from  the  figure  that 
all  nodes  have  the  same  connection  pattern  and,  con- 
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sequently,  can  share  a  single  beam  steering  optics  to 
provide  aU  the  required  optical  links.  The  source 
position  of  each  node  is  different  from  those  of  the 
others  so  that  the  incoming  signals  can  be  distin¬ 
guished  by  the  positions  of  the  detectors.  Similar 
straightforward  spatial  encoding  of  source  positions 
at  the  nodes  is  used  in  the  design  of  optical  hyper- 
cube  networks  [2,  3]. 

However,  such  straightforward  encoding  scheme 
requires  too  many  unused  detectors  for  large-scale 
networks.  For  an  A'^-node  network  with  node  degree 
k,  only  k  different  signals  may  simultaneously  arrive 
at  a  node  since  the  node  is  connected  to  k  nodes. 
Thus,  in  the  space  division  multiplexing  technique, 
only  k  +  l{k  detectors  and  1  source)  pixels  per  node 
are  utilized  and  the  remaining  N  -  k  -  1  pixels  are 
wasted.  This  area  waste  is  significant  if  fV  >  >  A:. 
For  example,  the  straightforward  spatial  encoding  in 
a  ten-dimensional  hypercube  network  would  result  in 
(1024  -  11  =  1013)  unused  pixels  per  node,  which  is 
not  acceptable. 

In  what  follows,  we  present  a  novel  scheme  which 
can  greatly  reduce  the  total  number  of  unused  pixels. 

3  Proposed  Signal  Distinction  Scheme 
An  efficient  signal  distinction  scheme  is  to  find  the 
minimum  number  of  detector  pixels  per  node  re¬ 
quired  for  the  incoming  signal  distinction  in  a  given 
network.  This  problem  can  be  re-stated  if  we  repre¬ 
sent  a  given  network  as  a  graph  where  a  vertex  and 
an  edge  represent  a  node  and  a  link,  respectively. 
Let  V  (E)  represent  the  set  of  vertices  (edges)  in  a 
graph, G. 


Problem:  Given  a  graph  G  =  iV,E),  a  positive 
integer  K  <  |F|,  which  is  a  representation  of  a  net¬ 
work,  is  G  if-colorable?  i.e.,  does  there  exist  a  func¬ 
tion  /  :  V  0, 1,  •  •  • ,  if  -  1,  for  all  i  and  j,  such  that 
/(*)  /(*i)  7^  /(^z)--  -  /(»i)  where  ij  represent 

all  neighbors  of  node  i. 


The  above  problem  is  NP-complete  since  it  can 
be  reduced  into  the  Graph  K-Colorability  problem 
which  is  known  as  NP-complete  [4].  In  general,  NP- 
complete  problems  are  very  hard  to  solve  unless  the 
problem  size  is  small  enough.  Using  genetic  algo¬ 
rithms  (GAs),  we  solved  the  above  modified  col- 
orability  problem  to  get  efficient  signal  distinction 
schemes  for  the  mesh,  the  hypercube,  and  the  binary 
de  Bruijn  networks  [5]. 

GAs  were  developed  to  study  the  adaptive  process 
of  natural  systems  and  to  develop  artificial  systems 
that  mimic  the  adaptive  mechanism  of  natural  sys¬ 
tems  [6].  GAs  can  also  be  applied  to  various  op¬ 
timization  problems  such  as  the  traveling  s^esman 
problem.  In  a  given  problem,  a  set  of  potential  solu¬ 
tions  (called  a  population  of  individuals)  to  the  prob¬ 
lem  is  initially  created  at  random.  Each  solution  is 
evaluated  to  give  some  measure  of  its  fitness.  Then  a 


new  set  of  solutions  (next  generation  of  the  popula¬ 
tion)  is  formed  by  selecting  better  (fitter)  solutions. 
Some  of  the  new  solution  set  undergos  transforma¬ 
tion  by  means  of  gctictic  operators  such  as  mutation 
and  crossover.  The  mutation  is  an  operation  which 
alters  a  small  part  of  a  solution.  The  crossover  cre¬ 
ates  new  solutions  by  combining  parts  from  several 
other  solutions.  The  probabilities  of  the  mutation 
and  the  crossover  are  control  parameters  which  af¬ 
fect  the  convergence  rate  of  GAs.  Thus,  GAs  use  the 
notion  of  survival  of  the  fittest  by  passing  good  genes 
(potential  solutions)  to  the  next  generation  and  com¬ 
bining  different  genes  to  explore  new  search  points. 

We  used  a  new  type  of  GAs,  called  the  Enhanced 
Parallel  Genetic  Algorithm  (EPGA)  [7],  since  we 
were  unable  to  get  solutions  using  conventional  sim¬ 
ple  GAs  as  the  network  size  grows.  Using  the  con¬ 
cept  of  the  Hierarchical  GA  [8],  the  running  time  of 
the  EPGA  was  significantly  reduced.  Details  of  the 
EPGA  are  beyond  the  scope  of  this  paper  and  in¬ 
terested  readers  should  refer  to  [7].  Table  1  shows 
the  minimum  number  of  distinct  colors  or  number 
of  distinct  pixels  required  using  the  EPGA  for  the 
mesh  with  wraparound  connections,  the  hypercube, 
and  the  binary  de  bruijn  networks.  A  number  in  the 
parenthesis  indicates  the  theoretical  optimal  num¬ 
ber  of  pixels  per  node  which  is  equivalent  to  the 
node  degree  (optimal  number  of  detectors)  plus  1 
(one  source). 


Network  Size 

Hypercube 

Mesh 

de  Bruijn 

16  nodes 

8(5) 

8(5) 

7(5) 

64  nodes 

11  (7) 

8(5) 

9(5) 

256  nodes 

18  (9) 

8(5) 

9(5) 

1,024  nodes 

26  (11) 

9(5) 

11(5) 

Table  1:  Minimum  number  of  pixels  (a  source  and 
multiple  detectors)  per  node  required  for  a  given  size 
network.  Note  that  node  degree  of  the  hypercube  in¬ 
creases  logarithmically  with  respect  to  the  network  size, 
whereas  those  of  the  mesh  and  the  binary  de  Bruijn  are 
constant.  A  number  in  the  parenthesis  indicates  the 
theoretical  optimal  number  of  pixels.  The  mesh  is  as¬ 
sumed  to  have  wraparound  connections. 

For  example,  for  a  256-node  hypercube  (8- 
dimensional  hypercube),  the  proposed  scheme  re¬ 
quires  only  18  pixels  for  the  space  division  multiplex¬ 
ing  technique,  whereas  the  straightforward  space  di¬ 
vision  multiplexing  technique  would  require  as  many 
as  256  pixels  per  node. 

Fig.  2  demonstrates  an  example  of  the  source  posi¬ 
tion  encoding,  found  by  the  proposed  scheme,  for 
the  four-dimensional  hypercube  network  with  16 
nodes.  The  beam  steering  optics  for  the  totally 
space-invariant  optical  implementation  of  such  net¬ 
works  is  based  on  [2]. 
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(a)  Optical  Interconnect  Model 
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(b)  Spatial  encoding  of  source  pixel  positions 
Figure  2:  (a)  A  3D  model  of  totally  space-invariant 
beam  steering  optics  for  implementing  optical  hyper¬ 
cube  networks  [2].  The  beam  steering  optics  generates 
8  fanouts  of  which  amounts  of  spatial  shifts  are  ±lco/, 
±lrow,  ±3col,  and  ±3row,  respectively,  (b)  Spatial 
encoding  of  source  pixel  positions  in  a  4-dimensional 
hypercube  network  with  16  nodes.  Each  node  has  8 
pixels;  a  source  and  7  detectors.  A  dark  pixel  repre¬ 
sents  a  source  and  the  position  of  the  source  pixel  is 
the  spatial  encoding  of  the  corresponding  node  address 
as  indicated  by  a  number.  White  pixels  represent  de¬ 
tectors. 

A  dark  pixel  and  a  white  pixel  represent  a  source  and 
a  detector,  respectively.  Note  that  the  node  address 
is  spatially  encoded  by  the  position  of  the  source 
pixel.  The  corresponding  address  is  indicated  by  a 
number  in  the  source  pixel.  For  a  four- dimensional 
hypercube  network,  the  proposed  scheme  requires  8 
pixels  per  node  which  is  a  50%  saving  compared  to  16 
pixels  per  node  required  by  the  straight  forwarding 
encoding  scheme. 

4  Discussions 

A  free  space  space-invariant  design  approach  is  sim¬ 
ple  to  design  and  can  provide  higher  interconnect 
density  compared  to  the  space- variant  approach. 
However,  the  space-invariant  design  utilizes  given 
power  less  efficiently  than  the  space-variant  ap¬ 
proach.  In  addition,  the  space-invariant  approach 
often  results  in  low  resource  utilization  for  distin¬ 
guishing  incoming  signals;  i.e.,  the  approach  may 
require  many  unused  detectors  when  space  division 
multiplexing  technique  is  used  for  signal  distinction. 
In  this  paper,  we  have  presented  an  efficient  scheme 
for  distinguishing  incoming  signals.  We  first  formu¬ 


lated  the  problem  as  a  modified  graph  colorability 
problem  and  solved  it  using  a  new  type  of  genetic 
algorithm  called  the  Enhanced  Parallel  Genetic  Al¬ 
gorithm.  The  proposed  scheme  significantly  reduces 
the  number  of  the  unused  detectors,  which  enables 
the  use  of  space  division  multiplexing  technique  in 
large-scale  optical  networks. 

The  proposed  signal  distinction  scheme  can  also 
be  used  in  wavelength  division  multiplexing  and/or 
time  division  multiplexing  techniques  by  consider¬ 
ing  the  spatial  positions  as  distinct  wavelengths  or 
timeslots,  respectively.  With  wavelength  or  time  di¬ 
vision  multiplexing  techniques,  each  node  has  a  sin¬ 
gle  detector  unlike  the  multiple  detectors  with  the 
space  division  multiplexing  technique.  A  receiving 
node  distinguishes  the  origin  of  the  incoming  signal 
by  identifying  the  wavelength  of  the  signal  or  the 
timeslot  the  signal  occupies. 
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INTRODUCTION  It  is  today  commonly  acknowledged  that  the  optical  switch  will  be  a  key  component  in 
future  optical  communications  networks  [1,2,3].  Apart  from  requirements  such  as  high  flexibility  and 
transparency  to  bit  rate  and  format,  optical  switches  must  be  able  to  support  wavelength  division  multiplexed 
(WDM)  networks  and  already  existing  components  as  especially  erbium  doped  fibre  amplifiers  (EDFA’s). 
Several  designs  have  been  suggested  and  implemented  including  both  lithium-niobate  [4]  and  semiconductor 
based  [5]  devices.  Among  the  latter,  loss-compensating  components  [6,7]  are  believed  to  be  advantegeous, 
since  the  switch  architectures  will  probably  get  rather  extended.  The  main  disadvantage  compared  to  switches 
without  amplification  is  that  a  limited  dynamic  range  is  obtained  due  to  the  semiconductor  gain  medium.  The 
switch  evaluated  here  (see  fig  1)  is  a  monolithic  strictly  non-blocking  device  based  on  semiconductor  optical 
amplifier  (SO A)  gates  in  InGaAsP/InP,  operated  in  the  1550  nm  window  [8].  Publications  of  optical  switches 
have  so  far  mainly  dealt  with  unpackaged  components.  Performance  has  often  been  measured  with  a  cw  source 
as  to  achieve  gain  optimisation.  In  this  paper,  extensive  bit  error  rate  (BER)  measurements  on  fully  packaged 
InP  switches  are  presented  concerning  dynamic  range  and  dependence  upon  polarisation  of  the  incoming 
signal.  The  system  has  been  optimised  for  low  BER  rather  than  maximum  gain.  Furthermore,  cascading  of 
several  switches  and  a  WDM  experiment  demonstrate  the  usefulness  of  this  component  in  future  optical  WDM 
networks,  and  theoretical  simulations  investigate  dependence  of  reflections  and  bit  rate. 

EXPERIMENTS  The  experimental  set-up  shown  in  fig  2  compromises  a  DFB  laser,  two  EDFA’s  working 
as  booster  and  preamplifier,  respectively,  one  attenuator  to  control  input  power  to  the  switch  and  one 
attenuator  to  adjust  received  power  at  the  detector,  a  polariser  to  control  the  state  of  polarisation  before  the 
switch,  a  multicavity  filter  with  a  FWHM  =  2  nm  and  an  APD  receiver.  Pseudorandom  data  with  a  word  length 
of  223-1  and  NRZ  coding  was  used  both  for  622  Mb/s  and  2.488  Gb/s.  Reference  measurements  were  made 
with  the  switch  replaced  by  a  connector,  i.e.  both  EDFA’s  were  included,  which  gave  a  maximum  penalty  of 
0.2  dB  compared  to  back-to-back. 
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Fig  1:  Diagram  of  the  integrated  4x4  switch  with  4 
input  amplifiers,  16  gate  amplifiers  and  4  output 
amplifiers  [8] 


Fig  2:  Experimental  set-up  for  evaluation  of  4x4 
switch  at  single  channel  and  one  through-pass 
transmission 


Two  4x4  switch  matrices  were  used  in  the  experiments.  Because  they  are  based  on  SOA’s,  they  have  an 
optimal  operation  point,  concerning  quality  of  transmission,  depending  on  the  input  power  to  the  switch  (Pjn) 
and  the  gain  in  each  SOA,  i.e.  the  bias  currents.  Reflections  between  the  active  and  passive  waveguides  in  the 
structure  (internal  reflections)  and  at  the  end  facets  of  the  chip  (external  reflections)  narrow  the  dynamic  range 
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which  furthermore  complicates  optimisation.  Compared  to  the  situation  where  the  amplifiers  for  a  given  Pjn 
and  bias  currents  are  driven  into  saturation  as  to  get  maximum  output  power,  the  gain  in  this  case  is  about  5  dB 
less,  but  on  the  other  hand,  very  limited  transmission  of  information  is  possible  at  gain  optimisation.  Due  to 
polarisation  sensitivity,  the  optimal  polarisation  is  launched  into  the  switches  in  all  the  experiments,  except  in 
the  case  where  polarisation  dependency  is  determined.  Here  a  measurement  for  ‘worst  case’  polarisation  is 
carried  out,  meaning  that  the  polarisation  is  rotated  90°  compared  to  optimal  polarisation. 

In  fig  3  the  dynamic  range  and  polarisation  dependence  for  the  switch  are  depicted  at  622  Mb/s.  Power  penalty 
is  plotted  as  a  function  of  Pjn.  The  bias  current  to  each  individual  amplifier  is  optimised  with  respect  to  BER  at 
optimal  polarisation.  Power  penalty  is  the  sensitivity  compared  to  the  reference  measurement  mentioned  in  the 
previous  section.  For  low  input  powers  the  penalty  arises  from  spontaneous  emission,  and  for  high  input 
powers  the  gain  saturation  will  allow  a  space  more  gain  than  a  mark,  thus  reducing  the  extinction  ratio,  which 
in  turn  increases  the  penalty.  It  is  observed  that  within  a  power  penalty  of  2  dB,  the  dynamic  range  for  the 
switch  is  larger  than  20  dB. 


Input  power  (dBm) 

Fig  3:  Power  penalty  against  Pin  for  different  states 
of  polarisation  at  622  Mb/s  for  BER=10’9. 
Optimum  polarisation  (solid  lines)  and  ‘worst  case’ 
polarisation  (dashed  lines) 
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Fig  4:  Power  penalty  against  Pin  pr.  channel  at 
WDM  transmission  at  622  Mb/s  for  BER=10~9 


Concerning  polarisation,  the  most  significant  difference  is  that  the  ‘worst  case’  curve  at  low  input  powers  is 
shifted  3  dB  towards  larger  input  powers.  This  can  be  understood  as  an  attenuation  of  the  signal,  because  while 
operating  at  the  worst  polarisation  state,  the  signal  sees  less  gain.  If  1  dB  polarisation  dependence  can  be 
accepted,  the  device  is  polarisation  independent  concerning  transmission  quality  within  a  dynamic  range  of 
more  than  20  dB.  The  unsaturated  fibre-to-fibre  gain  at  optimum  polarisation  is  ~  -2  dB. 


The  switch  is  capable  of  transmitting  multiple  wavelengths  simultaneously,  as  shown  in  fig  4.  The  experiment 
was  carried  out  for  random  modulation  of  the  channels  at  1552,  1556  and  1560  nm,  while  1548  nm  was  the 
channel  under  test.  Bit  rate  was  622  Mb/s.  For  three  wavelength  transmission,  the  1560  nm  channel  is 
excluded,  and  for  two  wavelength  transmission  the  1556  nm  channel  is  also  excluded.  If  3  dB  power  penalty  is 
acceptable,  4  wavelength  channels  can  be  transmitted  simultanously  over  an  input  power  range  of  7  dB.  For 
low  values  of  Pjn,  the  curves  are  identical  which  has  been  expected,  since  no  additional  spontaneous  emission 
is  generated.  For  large  values  of  Pjn,  however,  the  switch  is  saturated  quicker,  depending  on  the  number  of 
channels  involved.  Furthermore,  cross  gain  modulation  may  distort  the  signal  even  more. 


Fig  5  shows  the  results  from  the  numerical  simulations.  The  model  in  [9]  has  been  modified  to  take  into 
account  the  dynamic  processes  in  the  InP  SOA’s.  Internal  reflections,  external  reflections  and  the  SOA 
refractive  index  dependence  on  electron  density  have  been  included.  As  the  bit  rate  is  increased  (from  long- 
dashed  to  solid  line),  the  influence  of  the  reflections  increases.  The  theoretical  results  are  in  qualitative 
agreement  with  the  measurements. 

Even  though  a  higher  bit  rate  further  restricts  signal  transmission,  it  is  indeed  possible  to  cascade  switches  at 
2.488  Gb/s.  In  fig  6  is  shown  a  transmission  experiment  through  3  paths  in  a  switch  and  a  total  fibre  length  of 
2x80  km  in  the  Stockholm  Gigabit  Network  (SGN).  The  SGN  is  an  experimental  network  consisting  of  several 
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nodes  in  the  Stockholm  area,  interconnected  by  installed  standard  single  mode  fibre.  Power  penalty  compared 
to  back-to-back  was  mainly  arising  from  spontaneous  emission  from  the  the  InP  switches  and  the  EDFA’s. 
Crosstalk,  which  is  lower  than  -30  dB  in  the  switch,  is  believed  not  to  cause  any  noticeable  power  penalty. 
Despite  the  fact  that  the  polarisation  and  the  input  power  to  the  switch  were  not  optimised,  the  power  penalty 
for  one  pass  through  the  switch  and  80  km  of  fibre  is  only  1.0  dB,  2.4  dB  for  two  passes  and  160  km  of  fibre 
and  4.7  dB  for  three  passes  and  160  km  of  fibre. 


Input  power  (dBm) 

Fig  5:  Calculated  power  penalty  at  BER  =  10'^  as 
function  of  input  power  at  622  Mb/s  and  2.488  Gb/s 
with  (R>0)  and  without  (R=0)  reflections.  The 
unsaturated  switch  matrix  gain  is  -2.3  dB. 


Recieved  power  (dBm) 

Fig  6:  BER  curves  for  transmssion  in  the  SGN 
through  a  switch  at  2.488  Gb/s  for  A^1548  nm.  The 
curves  represent  from  left  to  right:  Back-to-back; 
one  pass  and  80km  of  fibre;  two  passes  and  160  km 
of  fibre;  three  passes  and  160  km  of  fibre. 


CONCLUSION  Transmission  experiments  were  carried  out  for  fully  packaged  InGaAsP/InP  4x4 
semiconductor  optical  amplifier  gate  switches.  Within  a  power  penalty  of  2dB,  the  switch  has  an  input  power 
dynamic  range  well  beyond  20  dB  at  BER  =  10-9  for  622  Mb/s,  no  matter  which  polarisation.  In  WDM 
transmission  with  four  equally  spaced  channels  from  1548  -  1560  nm,  we  measure  3  dB  of  penalty  within  a 
dynamic  range  of  7  dB.  Theory  predicts  smaller  dynamic  range  and  increased  sensitivity  towards  reflections 
for  higher  bit  rates.  However,  it  was  possible  to  go  three  times  through  an  InP  switch  and  through  160  km  of 
fiber  at  2.488  Gb/s  in  the  SGN  with  a  penalty  of  4.7  dB  at  BER  =  10”^.  In  all  experiments  the  switches  co¬ 
existed  with  EDFA’s  in  the  system  without  any  problems.  This  proves  promising  for  future  WDM  network 
applications. 

The  two  perhaps  most  serious  problems  with  the  switches  at  the  moment  are  polarisation  dependency  and 
internal  and  external  reflections.  These  problems  can  however  be  reduced  by  a  modified  switch  design. 
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Fast  low-chirp  electro-optic  modulators  are  essential  for  applications  as  external  modulators  in 
long-haul  communication  systems.  For  integration  with  high-speed  drive  electronics,  the  modula¬ 
tion  voltage  should  be  restricted  to  preferably  the  sub-volt  region.  Barrier  reservoir  and  quantum 
well  electron  transfer  structures  (BRAQWETs)  have  shown  a  great  promise  for  these  applica¬ 
tions,  due  to  its  large  electro-refractive  efFects[l]  and  fast  intrinsic  speed,  which  make  them  par¬ 
ticularly  suitable  for  high-speed  Mach-Zehnder  interferometric  amplitude  modulators[2]. 

In  this  paper  we  describe  experimental  results  concerning  a  comparison  between  BRAQWETs 
with  one  quantum  well  per  period  and  BRAQWETs  with  several  quantum  wells  per  period.  The 
advantage  of  using  several  quantum  wells  per  period  is  that  the  voltage  drop  over  one  period  is 
nearly  independent  of  the  number  of  quantum  wells.  Thus,  larger  electro-absorptive  effects  should 
be  obtained  for  a  structure  with  several  quantum  wells  per  BRAQWET  period  as  compared  to  a 
structure  with  an  equal  total  number  of  quantum  wells,  but  with  just  one  quantum  well  per  period. 
However,  previous  results  have  shown  that  band-bending  could  cause  a  non-uniform  phase  space 
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filling  of  the  quantum  wells  in  the  BRAQWET  period[3],  thus  reducing  the  usefulness  of  this 
approach. 

The  InGaAsP/InP  structures  shown  in  Fig.  1  were  grown  by  metalorganic  vapour  phase  epitaxy 
(MOVPE).  Structure  la  consists  of  five  periods  with  one  quantum  well  per  period,  whereas  struc¬ 
ture  lb  consists  of  one  period  with  five  quantum  wells.  After  the  epitaxy,  round  mesa  structures. 


Fig.  2  shows  the  differential  transmission  spectra  for  structure  la.  For  positive  applied  voltages 
the  spectra  are  nearly  unipolar,  which  is  characteristic  for  phase  space  filling  effects  due  to  elec¬ 
tron  transfer,  whereas  for  negative  applied  voltages  the  quantum  confined  Stark  effect  is  seen. 
The  differential  transmission  spectra  for  structure  lb  (Fig.  3)  show  that  the  maximum  differential 
transmission  change  due  to  electron  transfer  is  the  same  as  for  structure  la.  This  transmission 
change  is,  however,  obtained  at  a  considerably  smaller  applied  voltage.  Thus,  this  shows  that  it 
should  be  possible  to  reduce  the  drive  voltage  for  electro-optic  electron  transfer  devices,  by  using 
several  quantum  wells  per  BRAQWET  period.  The  detailed  mechanisms  for  this  enhanced 
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Figure  2.  Differential  transmission  spectra  for  structure  Figure  3.  Differential  transmission  spectra  for  structure 
la.  lb. 

electroabsorption  are  currently  not  fully  understood.  Further  experimental  and  modelling  results 
will  be  presented  at  the  conference. 
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Recently,  we  have  experimentally  developed  two  types  of  ideal  optoelectronic 
switches  using  Fabry-Perot  vertical,  III-V  semiconductor  structures.  Zero  chirp  reflectivity 
modulators  operate  as  pure  optical  amplitude  switches;'  vertical  cavity  phase  flip 
modulators  (VCPPM)  operate  as  pure  optical  phase  switches.^  The  later  display  large 
intensity  output  in  both  of  the  device’s  states  and  switching  occurrs  by  altering  phase 
between  0°  and  180°.  In  this  work  we  describe  a  photon  conserving,  reversible  intensity 
switch.  In  this  device,  known  as  an  X-modulator,  the  incident  power  is  either  transmitted 
through  or  reflected  from  the  device.  Reversibility  indicates  that  the  device  is  designed  so 
that  the  outputs  for  light  incident  from  both  the  top  and  bottom  of  the  structure  are  nearly 
identical.  The  device  ideally  does  not  modify  total  amplitude  or  phase,  but  merely  routes 
incident  photons.  Thus  the  X-modulator  provides  the  third  of  the  three  desirable  optical 
modulators:  amplitude  modulator,  phase  modulator,  direction  modulator.  By  being  both 
conservative  and  reversible,  the  device  is  uniquely  capable  of  performing  complex  optical 
switching,  routing,  and  logic.^  The  device  is  essentially  a  vertical  cavity,  electro-optical 
realization  of  an  X-gate  (sometimes  referred  to  as  a  Fredkin  Gate)  which  is  a  primitive 
structure  into  which  all  logic  functions  can  be  decomposed.  The  first  experimental  device, 
when  switched  with  an  applied  bias  of  40V,  modulates  from  (T  ~  60%,  R-  6%)  to  (T  - 
6%,  R-  60%).  We  will  discuss  individual  device  design  including  the  optimization  of  the 
device  parameter  space:  lower  voltage,  optical  bandwidth,  modulation  ratio,  insertion  loss, 
and  how  to  match  these  devices  to  electronics.  In  addition,  theoretical  and  experimental 
results  of  stacked  devices  and  the  use  of  graded  buffers  to  reduce  electric  field 
requirements  will  be  explained  as  will  issues  such  as  device  crosstalk  in  cross  bar  switches. 

The  X-modulator  consisted  of  asymmetric  p-i-n  Fabry-Perot  cavity  here  containing 
top  and  bottom  mirrors  of  10  and  12.5  period  GaAs/AlAs  quarter  wave  stacks  surrounding 
an  undoped  cavity  of  45, 15k  Ino.2Gao.8As  quantum  wells.  The  bottom  of  the  wafer  was 
antireflection  coated  with  SiN^.  Numerical  device  modeling  was  performed. 

Figure  1  shows  the  theoretical  prediction  before  growth  and  the  experimental  results 
of  this  device  taken  with  light  incident  from  both  the  top  and  the  bottom  of  the  device.  The 
characteristics  using  bottom  incident  light  is  within  1.5%  of  the  characteristics  using  top 
incident  light.  We  note  that  our  structures  used  200A  GaAs  barriers  to  eliminate  strain 
induced  material  degradation  caused  by  the  45  strained  quantum  wells.  By  using  graded 
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buffers'*  to  improve  the  material,  20%  indium  content  (or  greater)  quantum  wells  with  35A 
barriers  have  been  shown  to  be  an  acceptable  material .  This  reduces  voltage  by  40%. 
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Figure  1:  (a)  Theoretical  and  (b)  experimental  curves  for  reflection  and  transmission 
spectrum  of  the  X-modulator.  “On”  indicates  response  with  and  applied  electric  field 


Fabry-Perot  devices  are  optically  characterized  primarily  by  voltage,  optical 
bandwidth  (OB),  modulation  ratio  (MR),  change  of  reflectivity  (DR)  (related  to  insertion 
loss),  and  reflected  phase.  Modulation  ratios  well  over  1000,  and  voltages  of  5V  are 
possible  with  changes  in  reflectivity  above  60%.  (multiply  voltage  by  0.6  if  using  graded 
buffer  layer  technique).  In  general: 

•  For  a  fixed  voltage,  as  MR  increases,  DR  increases  and  OB  decreases. 

•  For  a  fixed  DR,  as  voltage  increases,  OB  increases  and  MR  decreases. 

•  For  a  fixed  MR,  as  voltage  increases,  OB  increases  and  DR  decreases. 

Through  design  we  control;  front  and  back  mirror  reflectivities,  cavity  length,  distance  (in 
wavelength)  of  zero  bias  exciton  peak  from  the  Fabry-Perot  peak,  and  maximum  and 
minimum  exciton  absorption. 

We  theoretically  predicted  and  experimentally  verified  the  optical  properties  of  two 

stacked  200|im  x  200pm  square  X-modulators  (shown  schematically  in  the  Figure  2  inset). 

0 

Light  incident  at  21°  off  normal  incidence  was  used,  which  imparted  a  50A  blue  shift  to  the 
Fabry-Perot  resonance  wavelength.  Inputs  A,  B,  and  C  represent  optical  inputs  for  this 
device  while  D  and  E  are  electrical  inputs.  For  our  measurements,  only  A  was  an  ‘on’ 
optical  signal  making  the  effective  outputs;  D,  DE,  and  DE  for  outputs  1, 2  and  3 
respectively.  Output  ‘1’  represents  the  single  device  reflectivity  response  and  was  similar 
to  that  of  Figure  lb.  Figure  2  shows  the  logic  high  and  some  of  the  various  logic  low 
levels  at  the  Fabry-Perot  wavelength  for  the  outputs  2  and  3,  given  the  different 
combinations  of  the  electrical  inputs.  The  device  can  be  thought  of  as  performing  logic,  or 
as  simply  a  stmcture  for  routing  optical  beams  to  three  output  paths.  Stacked  wafers. 
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containing  2-D  arrays  of  devices  would  be  able  to  perform  extremely  efficient  complex 
switching,  routing  and  logic. 
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Figure  2:  Measured  signal  versus  wavelength  for  output  2  and  output  3  (shown 
schematically  in  inset)  of  a  dual  stacked  X-modulator  system.  Output  1  is 
similar  to  the  plots  shown  in  Figure  1  with  the  appropriate  wavelength  shift. 


We  also  investigate  and  discuss  the  design  aspects  of  the  angular  dependence  of  the 
‘off  state  reflectivity  for  both  TE  and  TM  light  incident  on  an  X-modulator.  Because  the 
cavity  mode  shifts,  but  the  exciton  absorption  wavelength  does  not,  for  incident  angles  in 
excess  of  21°,  the  contrast  ratio  will  begin  to  degrade  and  a  TE-TM  split  will  be  observed. 
Devices  can  be  designed  for  use  at  larger  angles,  though,  by  fabricating  with  a  wider 
cavity.  Note  that  TE  and  TM  modes  for  non-normal  incident  light  interact  with  heavy  hole 
excitons  differently.  This  must  be  considered. 

In  conclusion,  we  have  designed,  fabricated  and  tested  vertical  cavity  X- 
modulators:  a  structure  which  allows  for  both  reversible  and  conservative  switching.  Initial 
X-modulator  results  display  changes  in  reflection  and  transmission  of  over  55%  each.  The 
devices  were  fabricated  to  accept  incident  light  from  both  the  bottom  and  top  of  the 
stmcture,  making  them  reversible.  In  addition,  we  have  discussed  optimization  conditions, 
results  for  multi-device  configurations,  and  angular  input  issues.  We  believe  that  X- 
modulators  will  have  a  significant  impact  on  efficient  switching,  3-D  array  optical  routing 
and  logic. 
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The  use  of  optics  has  been  proposed  as  a  tech¬ 
nique  to  improve  the  performance  of  a  variety  of 
switching  systems.  In  one  scenario,  large  numbers 
of  optical  receivers  and  transmitters  would  be  di¬ 
rectly  integrated  onto  semiconductor  processing  el¬ 
ements,  as  a  means  to  reduce  the  communication 
problems  of  such  elements.  [1]  In  such  a  scheme,  the 
receiver  unit  is  particularly  worthy  of  careful  study, 
since  it  carries  with  it  certain  constraints  on  area  and 
power  consumption  that  are  not  generally  present 
in  other  types  of  optical  receivers.  Accordingly,  we 
have  studied  of  the  bit-error  rate  (BER)  performance 
of  one  type  of  receiver  being  used  in  such  systems, 
the  diode-clamped  optical  receiver.  This  receiver  is 
a  high-impedance  FET-based  digital  receiver  whose 
basic  operation  has  been  described  previously.  [2,  3] 

The  circuit  with  which  we  are  concerned  is  shown 
in  schematic  form  in  Fig.l.  All  gate  lengths  were 
nominally  1  ^m,  except  for  a  2  pm  length  in  the 
source  follower,  and  FET  widths  are  indicated  in 
the  schematic.  The  circuit,  excluding  the  off-chip 
driver  element,  fits  entirely  within  a  90  x  60  mi¬ 
cron  area,  and  the  power  consumption  is  in  the  2 
mW  range.  [4]  These  figures  are  in  keeping  with  the 
buffered  FET  logic  (BFL)  FET-SEED  technology  in 
which  the  receiver  is  presently  realized.  However, 
lower  power  consumption  would  be  possible  in  alter¬ 
nate  technologies  such  as  GaAs  direct  coupled  FET 
logic  (DCFL)  or  in  Silicon  CMOS  logic.  The  mea¬ 
surements  described  here  were  made  with  directly 
modulated  commercial  laser  diodes  (Hitachi  8318  40 
mW)  at  850  nm  driven  from  pattern  generator  with 
a  pseudo-random-bit  sequence  (PRBS)  of  2^^  —  1 
length.  The  signal  output  from  the  receiver  was  sent 
directly  to  an  oscilloscope  to  observe  eye  patterns 
and  output  levels,  or  was  boosted  with  a  commer¬ 
cial  amplifier  (Veritech  3kl0p)  and  input  to  a  BER 
analyzer  (Hewlett  Packard  71603B). 

The  operation  of  the  receiver  depicted  in  Fig.l  is 
shown  in  Fig.2  at  1  Gb/s.  The  signal  amplitude  is 
determined  by  the  current  generated  in  the  source 
follower.  The  logic  swing  driving  the  source  follower 
should  be  roughly  from  -0.5  V  to  +0.9  V.[4]  Since  the 
output  is  terminated  to  ground,  the  total  available 
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Figure  1:  Schematic  of  the  Receiver  circuit  being  tested. 
Typical  biasii^  conditions  were  Vdd  =  2.  5  V,  Vss  =  -1.  5  V, 
±  Vdet  =  io.  FET  widths  in  microns  are  indicated. 


Time  (nsec) 

Figure  2:  Output  voltage  signals  from  the  receiver  at  1  Gb/s. 
Output  levels  are  consistent  with  logic-level  voltages  input  to 
the  source  follower. 

voltage  variation  is  0.9  V.  Given  the  likely  current 
drive  capacity  of  the  75  pm  wide  FET  forming  the 
source  follower  (<  3.5  mA)  and  the  parallel  termi¬ 
nation  at  both  the  source  and  oscilloscope,  we  con¬ 
clude  that  the  observed  100  mV  output  voltage  swing 
is  consistent  with  a  logic-level  input  to  the  off-chip 
driving  element. 

The  clamping  diodes  play  a  key  role  in  determin¬ 
ing  the  sensitivity  and  speed  of  this  receiver,  since 
they  determine  the  permitted  input  voltage  swing. 
For  a  given  input  power,  a  certain  current  is  de¬ 
veloped  in  the  photo- detectors,  which  is  balanced 
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Average  Detector  Current  (p,A) 
10 


Figure  3:  BER  vs  received  power  (bottom  axis),  and  average 
detector  current  (top  axis)  for  operation  with  fixed  clamping 
voltages  of  about  iO.  6  V. 

at  a  particular  voltage  by  a  current  through  one  of 
the  clamping  diodes.  For  each  diode,  these  voltages 
can  be  added  to  find  the  maximum-input-voltage 
swing  AVmax’  Subtracting  from  this  the  net  for¬ 
ward  clamping  voltage  AVd  yields  AVreq]  the  input- 
voltage  swing  required  to  reach  the  clamping  volt¬ 
ages.  In  fact,  we  find  that  when  the  BER  is  studied 
as  a  function  of  clamping  voltage  at  a  given  opti¬ 
cal  power  a  low  error  rate  is  obtained  when  AVreq  is 
somewhat  smaller  than  what  the  optical  pulse  energy 
can  induce.  The  possible  voltage  swing  that  the  light 
can  induce  is  found  from  AVposs  “  SAE/C,  where 
S  is  the  responsivity  of  the  detector  (0.5  A/W),  C 
is  the  input  capacitance  50  fF),  and  AE  is  the 
input  optical  pulse  energy.  [2] 

In  Fig. 3,  we  present  one  way  of  studying  the  BER 
sensitivity  of  this  receiver,  in  which  we  fix  the  clamp¬ 
ing  voltages  at  ^  ibO.GV'  (which  is  nearly  optimum 
for  1  Gb/s  operation)  and  vary  both  the  bit  rate 
and  the  optical  power  levels  in  the  set  and  reset 
beams  (holding  both  equal  at  all  times).  We  find 
that  floor-free  performance  is  obtained  to  at  least 
1  X  10“^^.  Second,  we  find  that  the  receiver  can 
operate  with  low  error  rates  at  1  Gb/s,  which  is  re¬ 
markable  given  the  extreme  simplicity  of  the  receiver. 
We  find  further  that  the  sensitivity  improves  as  the 
bit  rate  is  decreased,  which  is  partially  explained  by 
the  fact  that  this  receiver  switches  on  the  optical  en¬ 
ergy  and  not  the  optical  power.  There  are  additional 


Ave  Power  (dBm) 

Figure  4:  BER  vs  received  power  (bottom  axis)  at  622  Mb/s 
for  operation  with  fixed  clamps,  adjustable  clamps,  and  a  com¬ 
mercial  detector  looking  at  one  of  the  two  signal  lasers. 

factors  as  well,  which  become  apparent  when  one  de¬ 
termines  the  optical  pulse  energy  required  for  a  BER 
of  1  X  10"^.  From  Fig.3,  these  values  are  32  fJ,  62fJ, 
and  153  fJ  for  311  Mb/s,  622  Mb/s,  and  1  Gb/s,  re¬ 
spectively.  The  decrease  in  energy  at  lower  bit  rate 
can  be  explained  by  considering  the  following.  First, 
a  reduced  current  translates  into  a  reduced  AVreq 
(the  input  voltage  swing  determined  by  the  clamp¬ 
ing  diodes),  since  the  clamping  diodes  will  equilibrate 
at  lower  voltages.  We  can  compute  AVreq  an 
I-V  curve  of  a  clamping  diode  and  the  total  clamp¬ 
ing  voltage  of  1.2  V.[2]  We  find  AVreq  and  AVposs 
for  the  three  bit  rates  to  be  0.66  V  and  1.53  V  for  1 
Gb/s,  0.46  V  and  0.62  V  at  622  Mb/s,  and  0.33  V 
and  0.32  V  at  311  Mb/s.  These  numbers  illustrate 
the  second  effect,  which  is  due  to  the  speed  improve¬ 
ment  that  can  be  obtained  if  the  required  voltage 
swing  is  accomplished  at  the  start  of  the  bit  period, 
and  causes  the  receiver  to  operate  over-clamped  at 
high-bit  rates  with  non-return-to-zero  (NRZ)  format. 
Therefore,  only  part  of  the  optical  pulse  energe  one 
measures  is  actually  being  used  to  produce  AVreq  > 
Finally,  pattern-dependent  noise  in  the  laser  modu¬ 
lation  source  cannot  be  discounted,  as  this  also  be¬ 
comes  worse  as  data  rates  increase.  [2,  3] 

A  second  means  of  studying  the  sensitivity  of  this 
receiver  is  to  permit  the  clamping  diodes  to  be  ad¬ 
justed  at  each  power  and  bit  rate  to  optimize  the 


106  /  PThD5-3 


BER.  This  is  shown  in  Fig.4,  along  with  the  fixed 
clamp  data  for  622  Mb/s  from  Fig.3,  as  well  as  the 
single-beam  performance  of  a  commerical  detector 
(Antel  ARX-SA).  We  see  that  the  slope  of  the  BER 
curve  differs  for  fixed  or  adjustable  clamps.  Further, 
the  slope  of  the  BER  curve  with  adjustable  clamps  is 
nearly  the  same  as  for  a  commercial  analog  detector. 
The  latter  result  implies  that  the  noise  sources  limit¬ 
ing  the  performance  of  the  receiver  when  the  clamps 
are  adjusted  for  optimal  performance  are  no  differ- 
ent  than  for  an  analog  receiver.  On  the  other  hand, 
when  the  clamps  are  not  adjusted,  a  different  sort  of 
behavior  arises,  which  can  be  explained  by  the  pres¬ 
ence  of  the  clamping  diodes  as  a  nonlinear  load  ele¬ 
ment,  causing  a  stronger-than-normal  dependence  of 
the  signal-to-noise  ratio  on  received  power.  In  other 
words,  errors  accumlate  very  rapidly  once  the  signal 
strength  falls  below  that  needed  to  reach  AVreq-  In  a 
sense,  AVreq  forms  a  decision  threshold  at  the  input 
of  the  receiver  and  exemplifies  the  digital  nature  of 
the  circuit. 

Finally,  an  important  caveat  to  these  studies  needs 
to  be  mentioned.  That  is,  low  BER  measurements 
may  be  obtained  from  this  receiver  with  very  small 
signal  swings,  because  off-chip  amplification  is  used 
to  boost  the  signal  to  levels  sufficient  for  the  error 
rate  detector  to  operate.  While  this  does  define  the 
ultimate  sensitivity  level  of  the  receiver,  it  does  not 
imply  that  it  will  be  possible  to  use  this  receiver  in  a 
smart  pixel  application  at  such  a  power  level.  Such 
applications  generally  require  a  logic-level  voltage  at 
the  output  of  the  receiver  (just  before  the  source  fol¬ 
lower  in  Fig.l).  For  example,  consider  Fig.5  and 
Fig. 6,  which  compares  two  cases  of  622  Mb/s  op¬ 
eration.  For  the  lower-power  operation  {Fig.6),  the 
output  signal  swing  is  small,  indicating  that  logic 
levels  are  not  being  generated  at  the  source  follower. 
For  this  signal  level  to  be  usable  on  the  chip,  addi¬ 
tional  amplification  stages  would  be  required.  This 
represents  an  additional  cost  in  area  and  power  con¬ 
sumption  that  might  or  might  not  be  acceptable  in 
a  given  system.  However,  if  the  clamping  voltage  is 
relaxed,  full  logic  swing  is  possible,  as  evidenced  in 
Fig.  5,  which  was  obtained  with  50  fJ,  instead  of  21 
fj. 


In  conclusion,  we  have  reported  some  results  from 
the  BER  testing  of  a  diode-clamped  receiver.  We 
have  confirmed  the  fundamentally  digital  nature  of 
the  receiver  and  demonstrated  that  it  can  be  oper¬ 
ated  with  low  error  rates  to  1  Gb/s. 


Figure  5:  Output  signal  levels  for  622  Mb/s  at  a  relaxed 
clamping  voltage  capable  of  generating  logic  levels  at  the  input 
to  the  final  stage  source  follower  in  the  receiver. 


Figure  6:  Output  signal  levels  for  622  Mb/s  near  the  ulti¬ 
mate  sensitivity  level  of  the  receiver  indicating  that  logic  levels 
are  not  being  generated  at  the  input  to  the  final  stage  source 
follower. 
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1  Introduction 

The  all-optical  multiwavelength  network  is  a  prime  candidate  for  the  future  ”  information  highways” .  In  order 
to  make  these  networks  a  practical  reality,  a  number  of  questions  need  to  be  answered  in  terms  of  specifying 
components  and  subsystems.  A  critical  issue  involves  bit  error  rate  (BER)  floors  that  degrade  the  normal 
statistical  BER  performance  curves. 

In  this  paper  we  consider  the  BER  floors  induced  by  coherent  crosstalk  in  photonic  switch  arrays,  e.g.,  in 
a  switch  in  an  optical  cross  connect  [1],  which  route  information  from  different  optical  sources  of  nominally 
the  same  wavelength.  It  has  been  shown  that  BER  floors  can  develop  due  to  coherent  crosstalk  in  passive¬ 
splitting/active-combining  switches  [2].  Here,  we  extend  this  analysis  to  compare  the  crosstalk  requirements 
for  four  different  N  x  N  switch  array  architectures.  Incoherent  crosstalk  requirements  have  been  analyzed  for 
N  X  N  photonic  switches  [3].  The  optical  fields  entering  a  photonic  switch  from  geographically  different  optical 
sources  will  overlap  within  the  receiver  bandwidth  with  a  certain  probability.  If  these  signals  coherently  mix  at 
a  switch  output  due  to  crosstalk  within  the  switch  array,  the  received  signal  will  fluctuate  and  cause  bit  errors. 

2  Coherent  Crosstalk  in  N  x  N  Switches 

We  consider  an  A  x  A  switch  where  N  —  1  inputs  contribute  to  the  coherent  crosstalk  at  the  ith  output  channel 
and  on-off  intensity  modulation  is  used.  The  instantaneous  optical  field  at  the  ith  switch  output  can  be  written 
to  include  the  statistical  nature  of  the  crosstalk  sources: 

N 

=  y/S  COSCdpt  ~f  ^  ^  ^nPn  ^QS  ~b  ^n)  (1) 

n  =  2 

where  the  ’crosstalk  coefficient’,  is  a  function  of  crosstalk,  switch  structure  and  setting  of  undefined 
switch  elements.  5/2  is  the  instantaneous  power  in  a  “one”  bit,  cjq  is  the  instantaneous  frequency  of  the  Nth 
channel,  (jOn  is  the  instantaneous  frequency  of  one  of  the  N  —  \  crosstalk  channels,  and  On  is  the  instantaneous 
phase  of  one  of  the  N  —  1  crosstalk  channels  relative  to  the  ith  channel.  The  Pn  are  random  numbers  that 
specify  if  the  crosstalk  signals  are  ones  or  zeroes.  Worst  case  coherent  crosstalk  occurs  when  ones  are  present  at 
the  other  N  —  I  inputs  and  can  affect  the  2nd  order  statistics  of  the  BER  (i.e.,  burstiness  of  the  errors).  Taking 
into  account  the  arrival  statistics  of  ones  and  polarization  states  across  the  switch  inputs  will  improve  the  BER 
averaged  over  a  long  sequence  of  bits  and  is  the  subject  of  work  to  be  published. 

We  assume  that  bits  are  time  aligned  at  all  switch  inputs,  that  the  instantaneous  optical  phases  change  only 
once  per  bit  interval  (this  assumption  is  valid  when  the  laser  line  widths  are  equal  to  the  bit  rate),  and  that 
loq  —  LOn  lies  within  the  low  pass  filter  function  of  the  receiver  (denoted  LP[..]).  The  instantaneous  intensity  at 
the  ith  switch  output  is  given  by: 
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=  LP  ^  =5(1/2+^  a„Pn  cos  ^  ^  a„amPnPm^  COS  (On  “  6m)  j  (2) 

L  J  \  n=2  n=2m=2  / 

The  expectation  value  of  is  S/2  and  the  optimum  threshold  is  5/4.  A  coherent  bit  pattern  dependent 
error  occurs  if  <  5/4.  To  investigate  first  order  effects,  we  optimistically  drop  the  double  sum  term  for 
these  calculations.  However,  it  is  important  to  note  that  these  terms  can  contribute  significantly  to  coherent 
signal  degradation.  In  this  approximation,  the  error  condition  is  Y!,n=2^nPn  cos  On  <  -4- 

The  instantaneous  field  amplitude  equations  for  the  switch  architectures  are  given  below  (these  architectures 
are  defined  in  [3]).  In  the  Passive-Splitting/Active-Combining  Switch  (PSAC)  we  assume  that  non-defined  switch 
states  are  not  set  to  3  dB-state,  but  are  set  arbitrarily.  For  the  Active-Splitting/Passive-Combinmg  Switch 
(ASPC)  case,  we  assume  that  the  ’undefined’  switch  elements  are  in  the  3  dB  state.  For  the  Active-Splitting- 
Active- Combining  Switch  (ASAC)  case,  worst  case  input-output  point-to-point  combinations  are  assumed.  For 
the  GAA  case,  E  is  equivalent  to  C  when  used  as  a  relative  power  leakage  in  a  gate.  In  all  cases,  crosstalk  in 
waveguide  crossovers  is  ignored  (otherwise  implementation  specific  issues  must  be  taken  into  account) . 


3  Simulation  Results  and  Crosstalk  Bounds 

The  total  optical  field,  including  primary  and  crosstalk  signals,  at  a  primary  output  port  was  numerically 
simulated  for  each  switch  type  using  Eqns.  3  to  6.  <t>  is  uniformly  distributed  over  the  interval  [0,27r].  The 
BER  is  calculated  by  testing  the  error  condition  over  M  time  slots  with  the  phase  randomized  across  all  switch 
inputs  and  in  time  and  weighted  by  the  appropriate  crosstalk  coefficients. 

The  curves  in  Fig.  la  show  the  calculated  BER  as  a  function  of  switch  crosstalk  for  A  =  32  with  M  =  10,  000. 
A  critical  crosstalk  value  is  reached  where  the  BER  due  to  coherent  crosstalk  approaches  zero  rapidly.  To  the 
left  of  this  point,  standard  noise  contributions  will  result  in  the  typical  BER  curve.  For  switches  with  crosstalk 
values  to  the  right  of  this  point,  the  BER  will  hit  a  BER  floor. 

To  eliminate  the  BER  floor  under  the  constraint  that  even  if  the  phases  at  all  switch  inputs  are  — tt  out 
of  phase  with  the  primary  signal,  we  set  the  condition  that  Yln=2°-n  <  1/4.  The  following  equations  describe 
this  constraint  on  C  as  a  function  of  N  for  the  four  switch  types  and  are  plotted  in  Fig.  lb.  Eqn.  7  is  an 
approximation  for  >  4. 


PSAC  ^  C^/^log2N +  Clog2N(log2N -l)/2<  1/4  (7) 

ASPC  \fC(y/N  -  1)/(V^  -  1)  <  1/4  (^) 

ASAC  ^  Clog2N  <  1/4  (9) 

GAA  ^  %/E(A-1)<1/4  (10) 


4  Conclusions 

We  have  calculated  the  coherent  crosstalk  BER  floor  for  four  types  of  photonic  switch  structures,  passive- 
split/active-combine,  active-split/passive-combine,  active-split/active-combine,  and  gated-amplifier  array.  This 
crosstalk  is  due  to  coherent  mixing  of  primary  and  crosstalk  signals  at  a  given  switch  output,  resulting  in  a 
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Figure  1:  (a)  Dependance  of  BER  on  switch  crosstalk  due  to  coherent  effects  for  four  different  switch  types 
with  N=325  (b)  worst  case  crosstalk  bounds  for  no  BER  floor  as  a  function  of  N.  Figure  legend:  ASPG  = 
PSAG  =  ASAG  =  GAA  =  ” 

closure  of  the  eye  pattern.  The  size  dependent  bounds  on  crosstalk  for  low  BER  operation  were  calculated 
using  statistical  numerical  simulations  and  show  the  presence  of  a  BER  floor.  Bounds  on  crosstalk  as  a  function 
of  switch  size  were  also  investigated.  It  is  seen  that  as  the  switch  size  increases,  lower  crosstalk  elements  are 
required.  The  switch  type  that  is  most  yielding  to  crosstalk  requirement  is  the  ASAG  structure,  while  the  type 
that  is  most  demanding  on  the  crosstalk  is  the  GAA.  For  small  switch  sizes  N,  there  is  a  higher  probability 
that  the  phases  at  all  inputs  can  align  to  the  worst  case  and  the  lower  bound  curves  may  be  a  more  accurate 
design  guide.  For  larger  switches,  the  worst  case  occurs  with  extremely  low  probability,  and  the  statistically 
generated  curves  may  serve  as  an  accurate  guide.  The  interpretation  of  BER  must  be  approached  carefully, 
as  the  BER  measured  over  a  long  string  of  bits  only  characterizes  the  first  moment  (average)  of  the  BER. 
The  pattern  dependency  of  coherent  crosstalk  can  generate  conditions  where  the  errors  are  bursty  by  nature, 
thereby  causing  periodic  BER  floors  to  occur.  It  is  therefore  important  to  consider  the  arrival  statistics  of  the 
deterministic  bit  errors.  Also,  taking  into  account  the  arrival  statistics  of  ’ones^  and  ’zeros’  in  addition  to  the 
polarization  states  will  also  reduce  the  probability  of  the  worst  case  situation  occurring. 
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All-optical  networks  (AONs)  are  emerging  as  the  next  generation  broadband  networks  for  both 
wide-area  and  local-area  networks.  In  order  to  fuUy  exploit  the  enormous  bandwidth  that  optical 
channels  can  provide,  it  is  essential  to  make  the  best  use  of  WDM  (wavelength  division  multiplex¬ 
ing),  TDM  (time  division  multiplexing)  and  SDM  (space  division  multiplexing).  A  device  called 
''wavelength  grating  router  (WGR)”  [3,  4]  (also  known  sls  N  X  N  multiplexer)  has  been  developed 
to  provide  interconnections  in  an  AON,  allowing  wavelengths  to  be  reused  in  diiferent  parts  of  the 
network  [1].  Figure  1  (a)  gives  a  schematic  diagram  of  the  A  X  iV  static  WGR,  in  which  the  number 
of  wavelengths  F  is  equal  to  the  number  of  ports  N.  Figure  1  (b)  is  an  equivalent  representation  of 
this  device  in  terms  of  an  array  of  wavelength  multiplexers  Dyy  and  that  of  wavelength  multiplexers 
[2]. 

If  we  represent  the  N  X  N'  WGR  by  the  N  array  of  demultiplexers  (1  X  F)  followed  by  the 
N'  array  of  multiplexers  {F  X  1),  and  if  we  insert  an  F  array  of  space  switches  {N  X  N')  between 
them,  we  obtain  a  generalized  structure  of  what  is  called  a  “dynamic  router”  [1],  as  shown  in 
Figure  2  (a).  The  /-th  S  switch  (/  =  0, 1,  •  ■  • ,  F  -  1)  performs  space  switching  on  signals  that  are 
carried  by  wavelength  Xf.  The  degree  of  connectivity  is  now  increased  to  G  =  NN'F.  Note  that 
the  total  number  of  circuit  connections  (point-to-point)  that  can  be  supported  simultaneously  is 
still  min{ N,  N'} F:  the  insertion  of  the  F  spatial  switches  increases  the  total  number  of  realizable 
connections,  but  many  of  these  connections  interfere  at  the  output  ports. 

Figure  2  (b)  represents  its  time-domain  counterpart,  where  the  input  signals  are  TDM  signals. 
If  the  T  space  switches  are  realized  by  one  space  switch  that  is  time  shared,  the  resulting  structure 
is  what  is  known  as  a  time-multiplexed  space  (TMS)  switch.  If  we  insert  an  array  of  TSIs  (T  X  t) 
between  the  arrays  of  demultiplexers  and  space  switches,  and  another  array  of  TSIs  (r  X  T')  between 
those  of  space  switches  and  multiplexers,  we  will  obtain  what  is  known  as  a  T-S-T  switch,  as  shown 
in  Figure  3  (b).  Note  that  the  T,T'  and  r  can  be  different,  but  it  is  necessary  that  r  >  T  -|-  T'  -  1 
for  the  switch  to  be  nonblocking. 

The  wavelength  counterpart  of  the  T-S-T  is  given  by  the  structure  of  Figure  3  (a).  The  F  X  $ 
switch,  W,  is  the  wavelength  counterpart  of  the  TSI  switch,  hence  may  be  called  a  wavelength 
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(a) 

Figure  1:  (a)  N  X  N  wavelength  grating  router  { 
multiplexer  representation  of  the  N  X  N  WGR 
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Figure  2:  (a)  Dynamic  wavelength  router;  (b)  Time  multiplexed  space  (TMS)  switch 
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Figure  3:  (a)  W-S-W  switches  with  WDM  signals;  (b)  T-S-T  switches  with  TDM  signals 
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Figure  4:  (a)  Wavelength  interchanger;  (b)  Wavelength  converters  followed  by  a  “router”;  (c)  Actual 
implementation  example 


interchanger  or  wavelength  division  switch  (WDS).  It  can  be  implemented  by  using  an  array  of 
wavelength  converters,  WCs,  (also  called  frequency  changers),  followed  by  a  router,  whose  out¬ 
puts  ought  to  be  in  the  right  order,  i.e.,  Aq,  •  ■  *,  independent  of  the  ordering  at  the  inputs 

Ap  *  *  • ,  A^,  as  shown  in  Figure  4  (b).  Note  that  $  can  be  different  from  F,  the  number  of  input 
wavelengths.  Furthermore,  and  the  set  {Aq,  Ai,  •  •  • ,  Air_i}  can  be  completely  different  from  the  set 
{'^Oj  ’  j The  latter  set  is  locally  defined  within  the  individual  W  switch.  The  $  X  $ 

“router”  in  Figure  4  (b)  is  a  “logical”  router  in  the  sense  that  only  F[<  $)  input  ports  are  active 
at  any  given  time.  One  way  to  realize  this  “router”  is  to  have  a  wavelength  “combiner”  followed 
by  a  grating-based  multiplexer  (1  X  $),  as  shown  in  Figure  4  (c). 

Finally  we  extend  the  above  results  to  the  case,  where  input  signals  are  combined  TDM/ WDM. 
We  discuss  appropriate  versions  of  the  above  router /switches.  The  outputs  from  i.e.,  the  inputs 
to  the  S,  are  TDM  signals.  Therefore,  we  discuss  different  cases,  depending  on  whether  each  of  the 
S  and  W  switches  may  be  time-multiplexed  or  not.  If  W  switches  (i.e.,  their  WC  components)  can 
tune  to  different  wavelengths  at  different  time  slots,  then  we  can  construct  what  may  be  termed  a 
time-multiplexed  wavelength  (TMW)  switch. 

In  a  separate  paper  [5]  we  discuss  achievable  performance  of  these  devices,  in  terms  of  call 
blocking  probability  and  discuss  how  the  availability  and  unavailability  of  TSI  and  “wavelength  in¬ 
terchanger”  will  impact  the  capability  of  AONs. 
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Introduction 


Cross  connect  in  the  physical  layer  of  the  optical  network  is  needed  of  several 
reasons.  They  may  vary  from  operator  to  operator  depending  on  the  network 
architecture.  The  main  reasons  in  many  cases  are  installation  of  new  terminals 
and  service  work  on  the  fiber  fine.  The  cross  connection  is  made  at  the  ODF 
(^optical  distribution  frame)  points  in  the  network.  The  ODF:s  are  frequent  and 
placed  at  the  nodes  in  the  network.  To  upgrade  the  network  and  install  a  new 
terminal,  the  appropriate  connections  are  made  manually  at  the  ODF.  To  reduce 
labour  cost  and  time  Ericsson  suggest  to  introduce  a  remotely  controllable  ODF. 
The  remote  control  is  made  from  anywhere  in  the  network  from  a  portable  PC. 
With  an  remotely  controllable  ODF  the  documentation  of  the  fiber  network 
configuration  may  be  made  automatically  and  always  be  kept  updated. 

In  an  urban  area  the  fiber  number  may  soon  become  in  the  range  100-1000  at 
each  node.  Hence,  an  important  qualification  for  an  optical  cross  connect  is  to 
accommodate  a  large  number  of  ports.  Also,  the  switching  principle  to  avoid 
entanglement  of  the  fibres  is  important.  The  switching  time  is  of  less  care  since 
manual  actuation  is  accepted  today  in  most  apphcations.  The  main  function  for  a 
space  switch  for  rerouting  is  to  decrease  labour  cost  by  being  remotely 
controllable  and  thus  making  the  travels  to  the  nodes  unnecessary. 

Design  and  Performance  of  the  Fibre  Cross  Connect.  FXC 

The  cross  connect  fabricated  comprises  electrical  motors  which  move  an  optical 
fibre  connector  on  a  matrix  base  plate.  Both  sides  of  the  matrix  plate  is  used.  The 
motors  move  the  fibre  to  a  certain  position  in  the  matrix.  Each  connector  is  only 
allowed  to  be  moved  in  a  linear  direction.  The  directions  on  the  two  sides  are 
perpendicular  to  each  other,  forming  a  crossbar  system.  The  principal  is  seen  in 
figure  1.  In  this  way  all  possible  combinations  can  be  set  up  independent  of  the 
position  of  other  connectors.  The  connection  (mating)  function  is  made  by  motors 
assembled  together  with  the  connectorized  fibres  in  the  "locomotives".  Each 
locomotive  thus  contain  two  motors.  The  fabricated  FXC  is  shown  in  figure  2. 

Standard  optical  connectors  are  used.  They  are  of  flat  angled  t5q)e  i.e.  no  physical 
contact  is  achieved  between  the  glass  surfaces  of  the  two  fibres.  The  design  was 
chosen  to  get  low  wear  on  the  fibres  end  surfaces  and  long  lifetime  of  the 
connectorized  fibres.  The  connector  is  a  ceramic  ferrule  with  6°  angle,  assembled 
in  a  v-groove.  The  ferrule  and  the  V-groove  form  a  block  handled  by  the  motor. 
After  mating  of  the  blocks,  a  force  is  appfied  to  press  the  two  mating  ferrules 
closely  together.  This  principle  has  shown  excellent  performance.  No  wear  or  dirt 
problems  at  all  has  been  measured  during  the  first  2700  matings,  figure  3.  The 
matings  were  performed  without  cleaning  of  the  ferrules.  A  variation  of  optical 
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loss  of  up  to  0.8dB  is  seen.  The  variation  is  caused  by  interference.  It  is  in 
accordance  with  theoretical  predictions  assuming  4%  fresnel  loss.  In  this  way 
outermost  wear  and  dirt  resistance  is  achieved  ,  the  glass  surfaces  never  touch 
each  other  and  optical  loss  and  back  reflection  is  kept  well  within  limits  during 
all  the  2700  operations.  Maximum  loss  is  1.67  dB.  It  is  the  sum  of  two 
connections  (the  cross  point  and  one  interface)  and  the  fresnel  loss  variation.  The 
return  loss  is  always  better  than  -40dB. 

Rehabihtv 

The  advantage  of  a  mechanical  fibre  cross  connect  is  rehability.  Most  important 
is  that  the  connections  are  mechanical  and  passive  and  hence  not  relying  on 
continuos  power  supply.  The  connections  will  stay  in  operation  even  at  power 
failure.  Power  is  only  needed  for  switching.  The  design  is  made  to  have  a 
reference  point  so  even  if  a  serious  damage  to  electronics  erase  all  memory  it  is 
possible  to  remotely  define  a  position  for  the  locomotive  by  ordering  it  to  move  to 
its  reference  point. 

Summary 

An  fiber  optical  cross  connect,  FXC,  based  on  mechanically  movements  of  fiber 
connectors  has  been  fabricated  and  tested.  It  is  demonstrated  that  2700 
switching  operations  can  be  made  without  cleaning  of  the  ferrules.  It  is  operated 
from  an  PC  (personal  computer)  and  can  switch  any  of  N  incoming  fibres  to  any 
of  M  outgoing  fibres  in  a  non  blocking  way. 
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Flexible  build  up 


Figure  1:  Basic  principle  of  fiber  optic  cross  connect,  FXC. 
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Figure  2:  A  picture  of  the  FXC  fabricated. 
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Coupling  endurance.(Without  cleaning) 

Insertion  loss  at  1300  nm.  (dB) 


Figure  3:  Optical  loss  versus  number  of  matings  for  two  connections. 
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For  some  optoelectronic  devices,  the  optical  char¬ 
acteristics  of  the  device  are  a  strong  function  of  the 
device  temperature.  An  example  of  this  is  the  self¬ 
electro-optic  effect  device  (SEED).^^^  SEEDs  make 
use  of  the  shift  in  wavelength  of  the  exciton 
absorption  maxima  that  occurs  as  a  function  of  a 
changing  electrical  field  across  multiple  quantum 
well  material.^^^  For  a  typical  device,  the  absorp¬ 
tion  maxima  must  be  shifted  by  3  to  5nm  to  obtain 
good  contrast  between  the  absorptive  and  reflective 
states.  A  change  in  the  device  temperature,  how¬ 
ever,  can  also  change  the  location  of  the  exciton 
absorption  maxima.^^^  For  GaAs/AlGaAs  devices 
the  absorption  maxima  shifts  approximately 
0.28nm/°C.f"'^^  Thus,  it  becomes  necessary  to  care¬ 
fully  design  the  SEED  mount  to  minimize  the  tem¬ 
perature  gradient  and,  therefore,  this  temperature 
induced  shift  across  the  chip. 

In  this  paper  we  have  used  finite  element  analysis 
(FEA)  to  model  mounts  for  a  16x16  array  of  FET- 
SEED  switching  nodes.  By  careful  mount  design, 
the  calculated  temperature  spread  could  be  held  to 
1“C  even  when  the  power  density  was  40W/cm^ 
over  the  0.15cm^  active  chip  area;  a  6W  chip.  We 
have  also  used  the  temperature  dependence  of  the 
exciton  absorption  maxima  to  map  the  temperature 
of  an  existing  4x4  array  of  FET-SEED  switching 
nodes^^^,  operating  at  a  power  density  of  49W/cm^ 
and  found  the  results  in  good  agreement  with  those 
obtained  by  FEA. 

Two  fundamental  tasks  exist  in  the  thermal  man¬ 
agement  of  a  chip;  not  only  is  it  necessary  to  pre¬ 
vent  the  entire  chip  from  heating  to  a  point  where 
thermal  effects  degrade  the  overall  performance 
but  it  is  also  necessary  to  maintain  the  temperature 
of  multiple  locations  on  the  chip  to  nearly  the  same 
temperature.The  exact  amount  of  temperature  vari¬ 
ation  that  can  be  tolerated  (AT)  will  depend  on  the 
application  but  in  general  it  will  fall  into  the  range 


of  1  to  4‘’C.  It  is  not  necessary  to  hold  the  entire 
chip  to  this  temperature  range  but  only  specific 
devices  on  the  chip,  such  as  all  the  optical  output 
modulators.  The  temperature  variation  of  interest  is 
the  difference  between  the  hottest  and  coolest  of 
these  devices,  as  shown  in  Figure  1,  not  the  overall 
temperature  spread  or  the  temperature  differential 
of  a  single  node.  The  temperature  profile  depicted 


Figure  1 

Sematic  ID  Temperature  Profile 
SEED  Node  Array 


in  Figure  1  is  representative  of  that  which  one 
would  expect  in  a  regular  array  of  nodes.  The  chief 
cause  of  temperature  variation  between  equivalent 
devices  on  the  chip  is  the  spreading  of  heat  to  the 
predominately  passive  regions  around  the  periph¬ 
ery  of  the  chip  where  the  electrical  I/O  bond  pads 
are  located. 

The  design  of  a  SEED  mount  must,  therefore,  con¬ 
tain  an  analysis  of  the  temperature  variation 
between  the  equivalent  critical  optoelectronic  com¬ 
ponents  on  the  chip.  The  testing  of  the  mounted 
chip  must  contain  an  analysis  to  verify  the  temper¬ 
ature  variation  between  these  components.  The 
first  of  these  two  tasks  can  be  accomplished  by 
finite  element  analysis  and  will  be  discussed  later. 
The  second  of  these  two  tasks  can  be  accomplished 
using  the  same  physical  phenomena  that  makes 
attention  to  temperature  variation  necessary, 
namely  the  shifting  of  the  exciton  peak  location. 
The  experimental  setup  used  in  this  study  is  shown 
in  Figure  2.  The  chip,  a  4x4  array  of  210um  x 
210um  FET-SEED  switching  nodes^^^  was  held  at 
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a  constant  temperature  with  a  thermal  electric 
cooler  (TEC).  A  laser  light  source,  X?=850nm,  and 
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Figure  2 

Experimental  Setup 


lens  system  was  used  to  illuminate  a  single  SEED 
modulator.  The  reflected  light  was  focused  on  a 
photodetector.  A  bias  voltage  ramp  was  applied  to 
the  modulator  and  the  photocurrent  of  the  reflected 
light  measured  as  a  function  of  the  applied  bias. 
The  minimum  photocurrent  corresponds  to  the 
absorption  maxima.  Next,  the  temperamre  of  flie 
entire  chip  was  changed  by  adjusting  the  TEC.  The 
change  in  bias  voltage  at  which  the  absorption 
maxima  occurred,  for  the  same  modulator,  was 
noted.  In  this  manner  a  AV  verses  AT  curve  was 
constructed.  Finally  an  X-Y  stepper  stage  was  used 
to  move  the  laser  illumination  to  different  modula¬ 
tors  and  the  bias  voltage  at  which  the  absorption 
maxima  occurred  noted  as  a  function  of  chip  loca¬ 
tion.  A  finite  element  analysis  (FEA)  program  was 
used  to  model  the  temperature  profile  of  the  mea¬ 
sured  device.  The  device  mount  is  depicted  in  Fig¬ 
ure  3.  The  thermister  used  to  control  the  TEC,  was 
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Figure  3 

Thermal  Model  for  FEA 


not  part  of  the  thermal  model  but  is  included  to  fur¬ 
ther  define  the  experimental  setup.  The  thermistor 
was  held  at  20°C.  The  chip  was  powered  to 
350mW  and  the  power  was  assiuned  to  be  distrib¬ 
uted  evenly  over  the  840um  x  840um  active  area  of 


the  array  (49W/cm^).  The  overall  chip  size  was 
approximately  2.8mm  square  and  the  ceramic  was 
7.5mm  square.  Figure  4a  is  a  plot  of  the  measured 
temperature  for  four  different  modulators  on  the 
chip.  Figure  4b  is  a  plot  of  the  isotherms  on  the 


Figure  4a 

Experimentally  Determined 
Temperature  Profile 
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Figure  4b 

Finite  Element  Analysis 
Temperature  Profile 
4x4  SEED  Array 


active  area  of  the  chip  surface  as  predicted  by  the 
FEA  program.  The  thickness  of  the  thermal  epoxy 
used  to  affix  the  device  to  the  ceramic  was  an  esti¬ 
mate  and  could  easily  account  for  the  minor  differ¬ 
ences  between  the  model  and  the  experimental 
measurements. 


The  chip  just  examined  had  a  temperature  variation 
across  the  active  area  on  the  order  of  1.5°C,  which 
for  most  applications  would  be  acceptable.  As 
mentioned,  the  chip  was  a  4x4  array  of  SEED 
nodes.  For  a  chip  of  this  size,  even  the  center  nodes 
are  close  to  the  non-active  boarder  regions  and  the 
effect  of  thermal  spreading  is  therefore  minimized. 
The  temperature  distribution  for  a  16x16  array  of 
240um  X  240um  FET-SEED  switching  nodes, 
operating  at  6.3W  (40W/cm^  over  a  0.15cm^  active 
area)  mounted  the  same  as  the  4x4  array,  is  shown 
in  Figure  5.  Not  only  does  the  overall  temperature 
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of  the  chip  rise  but  the  temperature  variation 
increases  to  5°C.  Again,  the  chief  cause  of  the  tem¬ 
perature  variation  is  heat  spreading  into  the  inac- 
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tive  boarder  regions  of  the  chip;  the  active  chip 
area  is  3.84mm  x  3.84mm  and  the  overall  chip  size 
is  4.32mm  x  4.32mm.  A  mount  for  the  16x16  node 
array  was  designed  that  would  counter  the  effects 
of  the  heat  spreading,  as  shown  in  Figure  6.  An 


GaAs  760um  Thick 


99.6%  Alumina, 
710  um  Thick 


Epoxy 


Thermal  Electric _ ^ 

Cooler 


100  In  Solder 

Undercut 

Molybdenum 

Pedest^ 

50  In/50  Sn 
Solder 


Figure  6 

Heat  Confining  Chip  Mount 


opening  is  cut  in  the  ceramic  used  for  the  device 
interconnect  and  the  device  is  mounted  on  a 
molybdenum  pedestal  that  tapers  down  as  it 
approaches  the  TEC.  The  taper  in  the  pedestal 
counteracts  the  effect  of  the  inactive  chip  periphery 
and  the  temperature  spread  is  reduced  to  approxi¬ 
mately  1°C,  as  shown  in  Figure  7.  The  decrease  in 


uniform  temperature,  AT~1°C,  even  for  large  high 
power  density  devices. 

This  work  was  partially  sponsored  by  ARPA  under 
Air  Force  Rome  Labs  contract  number  F30602-93- 
C-0166. 


References 

A.  B.  Miller,  D.  S.  Chemla,  T  C.  Daman,  A.  C. 
Gossard,  W.  Weigmann,  T.  H.  Wood,  C.  A.  Burrus, 
“Novel  hybrid  optically  bistable  switch:  The  quantum 
well  self-electro-optic  effect  device,”  Appl.  Phys.  Lett. 
45,  pp.  13-15  (1984) 

A.  B.  Miller,  D.  S.  Chemla,  S.  Schmitt-Rink, 
“Electric  Field  Dependence  of  Properties  of  Semicon¬ 
ductor  Quantum  Wells:  Physics  and  Applications”,  in 
Optical  Nonlinearities  and  Instabilities  in  Semiconduc¬ 
tors,  H.  Haug  Ed.,  Academic  Press,  Inc.,  1988 

M.  Sze,  Physics  of  Semi  Conductor  Devices,  2nd 
Ed.,  John  Wey  and  Sons,  1981  pp.l5 
FIr.  a.  Novotney,  “Parallel  optical  data  links  using 
VCSELs,”  Proceedings  SPIE,  vol.  2147,  Vertical-Cavity 
Surface-Emitting  Laser  Arrays,  pp.  140-149  (1994) 
l5b.B.A.  Miller,  M.D.Feuer,  Y.T.  Chang,  A.S.C.  Shunk, 
J.E.  Henery,  DJ.  Burrow,  D.S.  Barrow,  D.S.  Chemla, 
“Field-Effect  Transistor  Self-Electrooptic  Effect 
Device:  Integrated  Photodiode,  Quantum  Well  Modula¬ 
tor  and  Transistor,”  IEEE  PTL,  VI,  N3,  March  1989 


Figure  7 

Finite  Element  Analysis  Temperature  Profile 
16  X  16  Node  SEED  Array 
With  Heat  Confining  Chip  Mount 


the  overall  chip  temperature  is  due  to  the  use  of 
solder  for  the  two  bonds  in  the  thermal  path  instead 
of  organic  adhesives.  The  use  of  low  temperature 
solders  is  required  because  of  temperature  limita¬ 
tions  imposed  by  the  TEC. 

In  conclusion,  we  have  mapped  the  temperature 
across  the  active  area  of  a  SEED  array  by  calibrat¬ 
ing  the  exciton  peak  shift,  of  the  GaAs-AlGaAs 
quantum  well  modulators,  as  function  of  tempera¬ 
ture.  We  have  compared  the  measured  temperature 
profile  to  one  modeled  by  finite  element  analysis 
and  found  them  in  good  agreement.  Using  the  finite 
element  analysis  program,  we  have  shown  that 
with  proper  design  of  the  chip  mount,  areas  of 
equivalent  optoelectronic  functions  can  be  held  at  a 
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1.  Introduction 

Optical  frequency-division-multiplexing 
(EDM)  systems  have  been  widely  studied  in 
order  to  achieve  large-capacity  optical 
networks.  The  key  components  in  this  field 
are  optical  functional  devices  such  as  multi¬ 
frequency-channel  selectorsi*!  and  band-pass 
optical  filters.  Recently,  we  have  developed  a 
circuit  synthesis  algorithmic]  by  analogy  with 
electrical  digital  filters.  We  first  briefly  review 
the  evolution  of  silica-based  planar  lightwave 
circuits  (PLCsji^l.  Then  we  describe  the  new 
generation  of  PLCs,  including  programmable 
optical  filtersi^l,  designed  using  the  synthesis 
algorithm. 

2.  Evolution  of  silica*based  PLCs 

Various  PLCs  have  been  developed 
based  on  low-loss  silica  waveguides  on  silicon 
substrates.  The  PLCs  can  be  classified  into  four 
generations  in  terms  of  their  evolution  as  shown 
in  Fig.l.  The  first  generation  includes  simple  Y 
branches  and  directional  couplers.  Most  of 
these  devices  function  simply  as  power  splitters. 
A  IxN  splitter  (N=4,  8,  16,  32)  formed  by 
connecting  Y-branches  is  now  commercially 
available.  The  second  generation  includes 
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Mach-Zehnder  (MZ)  interferometerst^l  and  ring 
resonators  which  have  been  designed  by 
analogy  with  microwave  or  milimeter-wave 
filters.  This  generation  of  PLCs  is  equipped 
with  thermo-optic  (TO)  phase  shifters  to  control 
the  optical  phases.  This  enables  them  to 
perform  higher  functions.  MZ  interferometers 
in  particular  can  perform  various  lightwave 
functions  depending  on  the  path  difference  AL 
between  the  two  directional  couplers.  These 
functions  include  optical  switching, 
wavelength-insensitive  coupling,  and  optical 
multiplexing/demultiplexing  in  wavelength- 
division  multiplexing  (WDM)  and  FDM 
communications.  The  third  generation  includes 
NxN  star  couplers  and  arrayed-waveguide 
grating  (AWG)  multiplexers.  This  type  is 
equipped  with  free-space  radiative  slab 
waveguides.  AWG  multiplexers  are  expected  to 
be  the  key  components  in  constructing 
wavelength-addressed  network  or  switching 
systems.  The  fourth  generation,  which  has 
recently  been  the  subject  of  intense  study,  is  the 
major  concern  of  this  paper.  The  feature  of  this 
generation  is  that  their  circuit  parameters  are 
designed  from  desired  filter  characteristics 
based  on  a  synthesis  algorithm  as  shown  in  Fig. 
2.  The  synthesis  methods  and  functions  of  this 
new  generation  of  PLCs  are  described  in  the 
following  section. 
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Fig.l  Evolution  of  silica-based  PLCs 


Fig.2  Feature  of  the  fourth  generation 
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3.  Synthesis  of  optical  filters 

(1)  Classification  of  optical  circuits 

Optical  circuits  can  be  regarded  as 
delay-line  systems  constructed  using  optical 
branches,  delays,  and  combiners.  This  means 
that  optical  circuits  have  the  same  transfer 
characteristics  as  electrical  digital  filters. 
Optical  circuits  can  be  classified  into  two 
classes  by  reference  to  the  classification  of 
digital  filters.  One  is  a  finite-impulse -response 
(FIR)  type  which  has  no  recursive  delay-lines, 
and  the  other  is  an  infinite-impulse-response 
(HR)  type  which  has  recursive  delay-lines.  For 
example,  MZ  interferometers  are  FIR  type  and 
ring  resonators  are  HR  type.  We  succeeded  in 
developing  synthesis  algorithms  adaptable  to 
both  FIR  and  HR  types  with  two-port 
configurations  by  analogy  with  digital  filters. 
We  deal  only  with  two-port  circuits,  because 
two-port  filters  have  the  advantage  that  100%- 
transmittance  filtering  and  a  pair  of  power¬ 
complimentary  optical  outputs  are  automatically 
realized  as  a  natural  consequence  of  the  two- 
port  circuit  configuration. 

(2)  Synthesis  of  two-port  FIR  optical  filters 

The  circuit  configuration  of  a  two-port 
FIR  optical  filter  is  shown  in  Fig.3.  An  N-order 
FIR  optical  filter  is  constructed  by  using  N  unit 
elements  each  composed  of  one  directional 
coupler  and  one  delay-line  with  one  phase 
shifter.  The  loss-less  transfer  characteristics  of 
this  filter  are  expressed  by  the  following  2x2 
unitary  matrix: 

[jFiz)  HU)) 

N  N  Af  W  (1) 

=  FU)  =  (^Kz~’‘)z'^ 

Jk=0  *=0 

where  z  denotes  exp(-j2jif/fpsR)  and  fpsR 
indicates  the  free  spectral  range.  The  expansion 
coefficients  a^  and  1\  are  complex. 

Our  design  algorithm  includes  the  four 
design  processes  outlined  below.  In  order  to 
obtain  the  optimum  circuit  parameters  from  a 
desired  cross  transfer  function  FqCz),  it  is 
necessary: 

1)  to  decide  the  unit  delay-time  difference  Ax 
from  a  desired  frequency  period,  and  obtain  the 


Fig.3  Circuit  configuration  of 

a  two-port  FIR  optical  filter 

complex  expansion  coefficients  bj^  of  F(z)  from 
a  desired  transfer  function  FqCz)  by  using  a 
proper  approximation  method  for  digital  filters, 

2)  to  normalize  the  obtained  complex  expansion 
coefficients  so  as  to  get  the  maximum 
transmittance  of  100%, 

3)  to  calculate  H(z)  from  F(z)  by  using  the 
unitary  condition  of  the  S  matrix, 

4)  to  resolve  the  total  transfer  matrix  S  into  the 
product  of  the  unit  element  matrices  such  as 

S  =  •  •S2SiSq  (2 ) 

by  considering  the  unitary  condition  of  each 
basic  transfer  matrix  and  calculate  the  phase 
shift  value  Oj^  at  each  tunable  coupler  and  the 
phase  shift  value  (p^  of  each  tunable  phase 
shifter  from  each  resolved  basic  transfer  matrix. 

Figure  4  shows  a  multi-channel  selector 
for  use  in  an  optical  FDM  highway  switch.  The 
selector  can  select  several  channels  from  many 
multiplexed  frequency  channels.  In  this  design 
example,  three  frequencies,  fj,  f3,  and  fy,  are 
selected. 

Figure  5  shows  a  linear-phase 
Chebyshev  filter  for  use  in  optical  FDM 
communication.  This  filter  provides  band-pass 
filtering  with  equal  ripples  and  linear-phase 
characteristics  simultaneously. 
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1.  Introduction 

Photonics  technology  involving  parallel  processing  architecture  is  becoming  extremently  important  for  large 
scale  information  movement.  The  obvious  reasons  are  high  bandwidth  of  optical  media,  the  lack  of  light 
beam  interference  and  the  possibility  of  high  density  interconnections.  Free  space  optical  interconnection 
[1]  Bl  [3]  offers  the  potential  for  large  number  of  interconnections.  Such  free  space  interconnect  schemes 
are  being  considered  for  large  VLSI  systems  and  photonic  switching  systems.  These  systems  require  fiber 
arrays  for  bringing  in  and  taking  out  optical  signals  from  the  computing  or  switching  environment.  The 
positioning  accuracies  of  the  fibers  in  such  arrays  vary  from  one  to  ten  micrometers  (microns)  depending 
on  the  systems’  architecture.  In  this  paper,  we  will  present  the  opto-mechanical  challenges  that  are 
presented  during  design  and  fabrication  of  2-D  fiber  input  array,  and  alignment  and  attachment  of 
microlens  arrays  to  fiber  bundle. 


2.  2-D  Fiber  Array 

Fiber  bundles  are  needed  for  inputting  pulsed  optical  signals  onto  the  free  space  optical  fabric.  Fiber 
bundles  consist  of  fibers  (typically  125±1  pm  in  diameter)  spaced  in  a  two  dimensional  array  with  known  x 
and  y  spacing.  The  variation  in  the  pitch  of  the  fibers  can  range  from  2  pm  for  single  mode  fiber  arrays 
to  10  pm  for  multimode  fiber  arrays,  depending  on  the  system  architecture  and  application.  The  x-y 
location  of  the  light  from  the  fiber  depends  on  two  factors:  (1)  the  location  of  the  fiber  and  (2)  the 
concentricity  of  the  fiber  core.  Another  important  parameter  is  the  deviation  from  perpendicular  of  the 
fiber  to  the  spacer.  It  is  important  that  all  beams  emerging  from  the  fibers  propagate  in  the  same 
direction  colinear  to  the  optic  axis  of  the  system  fabric.  Such  system  requirements  translate  into 
fabrication  of  precision  mechanical  elements. 

Single-crystal  silicon  have  long  been  used  for  locating  fibers.  Figure  1  shows  preferentially  etched 
grooves  in  silicon  that  have  been  used  for  splicing  arrays  of  fiber.^*' Very  precise  grooves  can  be  etched 
in  silicon  by  lithographically  defining  the  groove  patterns  in  photoresist  and  then  etching  them  with  a 
preferential  chemical  etch  into  silicon.  This  results  in  grooves  with  a  trapezoidal  cross-section.  The 
groove  width  and  depth  can  be  fabricated  to  about  1  pm  tolerance.  For  stacking  these  chips  to  form  a 
two  dimensional  array,  the  silicon  wafer  needs  two  sided  lithography  and  has  to  be  etched  from  both 
sides.  Although  high  dimensional  accuracy  between  grooves  can  be  realized,  stacking  the  chips  will 
require  tolerances  on  the  wafer  thickness  to  be  less  than  1  pm.  Maintaining  this  tight  tolerance  on  wafer 
thickness  is  a  very  difficult  task  to  achieve.  Since  the  fibers  lay  in  the  grooves,  the  fiber  angle  and  hence 
the  emerging  beam  angle  is  controiled  by  the  flatness  of  the  silicon  wafers. 

An  alternate  way  of  building  fiber  bundles  is  by  inserting  fibers  in  substrate  with  preciseiy  etched  holes.i®' 
PI  [8]  PI  Precisely  located  holes  can  be  etched  in  a  <1 00>  siiicon  wafer.^’*^  As  shown  in  Figure  2,  the  sides 
of  the  holes  would  be  tapered  because  they,  would  be  defined  by  the  <11 1>  crystal  planes.  The  sloping 
sides  also  limit  the  spacing  between  the  fibers.  As  an  example,  for  a  .51  mm  (20  mil)  thick  wafer,  the 
minimum  hole  separation  that  can  be  obtained  is  =850  pm.  Etching  holes  from  both  sides  of  the  wafer 
reduces  the  minimum  separation  to  half  the  above  value.  However,  this  method  requires  precise 
alignment  of  masks  for  the  two  sided  lithography.  The  location  of  the  fiber  depends  on  location  of  the 
hole  in  the  spacer  and  the  clearance  between  the  fiber  and  the  hole. 

Silicon  with  <11 0>  orientation  could  be  used  for  fabricating  substrates  with  holes  that  have  vertical 
walls. This  orientation  silicon  ends  up  with  parallelogram  shaped  holes  as  shown  in  Figure  3. 
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Other  types  of  substrate  that  are  suitable  for  etching  holes  are  photosensitive  glass  materials  such  as 
Fotoform®  made  by  Ck>ming  Inc.  and  thin  brass  stock  as  shown  in  Figure  4.  It  can  be  seen  that  the 
brass  gives  a  smoother  etched  surface  compared  to  Fotoform  material.  Since  the  thickness  of  brass 
substrates  is  of  the  order  of  100  pm,  a  backing  substrate  such  as  Fotoform(S>  glass  is  needed  to 
strengthen  the  structure. 

Table  1  compares  the  tolerances  on  hole  locations  and  their  diameter.  Depending  on  the  system 
requirements  and  the  type  of  fiber,  either  single  mode  or  multimode  fiber  being  used,  one  can  choose  the 
appropriate  substrate. 


TABLE  1 

SPACER  MATERIAL  AND  FABRICATION  TOLERANCE 


MATERIAL 

HOLE  SPACING 
TOLERANCE  (^im) 

HOLE  SIZE 
TOLERANCE  (pm) 

APPLICATION 

FOTOFORM®  GLASS 

±6 

±5 

MM  Fiber 

BRASS 

±3 

±3 

SM/^1M  Fibers 

SILICON 

±0,5 

±2 

SM/MM  Fibers 

2.1  Basic  Design 

Figure  5  shows  the  concept  for  constructing  a  fiber  array.  Two  substrates  (in  this  case  Fotoform®  glass) 
are  aligned,  stacked  one  above  the  other  using  precisbn  sapphire  spheres  and  epoxy  bonded.  Stacking 
the  substrates  serves  two  purposes.  First,  it  keeps  the  fibers  in  vertical  position  after  insertion  and 
second,  a  lead-in  can  be  provided  by  tapering  the  back  substrate  for  ease  of  insertbn.  The  substrate 
shown  in  Figure  4  was  used  in  this  particular  design.  The  fiber  bundle  was  fabricated  by  inserting  fibers 
through  the  holes  in  the  stack,  epoxying  the  fibers  in  place  and  polishing  the  ends. 

It  is  obvious  that  forming  largo  2-D  arrays  by  manually  inserting  fibers  without  damaging  them  can  be 
tedious.  Hence  an  assembly  apparatus  was  developed  for  inserting  12  to  18  fibers  at  a  time  into 
substrates. 

One  of  the  main  concerns  in  any  fiber  integrated  component  is  the  fiber  breakage  during  fiber  handling. 
Another  concern  when  fabricating  large  fiber  bundles  is  the  development  of  cracks  during  polishing. 

These  problems  can  be  somewhat  overcome  by  using  a  modular  approach— a  manufacturable  one— as 
shown  in  Figure  6.1^^  Here,  linear  fiber  arrays  are  precisely  placed  next  to  each  other  by  plugging  them 
into  a  cage  to  form  a  fiber  array.  The  penalty  one  pays  for  using  this  approach  is  the  distance  between 
arrays,  which  is  dictated  by  the  thickness  of  individual  arrays.  The  distance  between  the  arrays  is 
controlled  to  lithographic  accuracies,  using  two  etched  silicon  spacers.  The  fine  adjustment  of  the 
orientation  is  controlled  by  incorporating  a  flexure  spring  within  the  cage.  Figure  7  shows  the  alignment 
that  can  be  realized  in  such  a  modular  approach. 


3.  Aligninent  and  Attachment  of  MIctolens  Array  to  FB)er  Array 

One  of  the  key  elements  in  stacked  planar  opticsl’^l  is  precisely  aligned  2-D  microlens  arrays.  These 
lenses  are  fabricated  to  photolithographic  tolerances  on  planar  wafers.  Literaturel’'*!  shows  its  wide  range 
of  uses  in  different  system  architectures.  In  this  section  we  will  discuss  some  of  the  possible  ways  of 
passively  aligning  these  microlenses  to  fiber  arrays. 

Since  the  Fotoform®  and  brass  substrates  shown  in  Figure  4  are  fabricated  using  photolithography  steps, 
it  is  conceivable  to  incorporate  mechanical  alignment  features  in  these  substrates.  Figure  8  is  a 
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photogrsph  of  a  microlsns  array  attached  to  a  linear  MM  fiber  array  (MAO'™)  using  a  photochemically 
etched  brass  holder.  Microlens  to  fiber  alignment  has  been  obtained  by  using  the  alignment  pins  as  the 
guide  for  the  brass  holder.  Figure  9  shows  the  concept  of  attaching  microlens  array  onto  a  2-D  fiber  array. 
Alignment  microlenses,  which  were  fabricated  lithographically  along  with  the  micrplens  array,  were  used  to 
attach  the  microlens  array  to  a  brass  substrate  holder.  The  holder  in  turn  is  aligned  and  attached  to  the 
fiber  array  using  precision  glass  ball  lenses.  These  ball  lenses  can  be  obtained  with  diameter  tolerance 
held,  to  ±1  micron.  Rgure  10  shows  a  photograph  of  a  microlens  array  attached  to  a  two  dimensional 
fiber  array. 


4.  Summary 

We  have  presented  the  challenges  involved  in  the  design,  fabrication  and  assembly  of  fiber  arrays. 
Various  2D  fiber  arrays  with  different  number  of  fibers  have  been  fabricated  and  used  in  electro-optic 
system  applications.  Also,  the  precision  part  requirements  and  fabrication  to  meet  system  requirements 
such  as  aligning  microlens  arrays  onto  fiber  bundle,  have  been  illustrated. 

Current  work  involves  expanding  the  modular  fiber  array  into  a  4  x  72  matrix.  The  results  of  this  array  will 
be  presented  at  the  conference. 
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Figure  1:  Stacking  of  Fiber  Ribbons  Using  Silicon 
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Figure  2;  Etched  Holes  in  <100>  Silicon  Substrate 
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Figure  3:  Schematic  of  Etched  Holes  in  <110>  Silicon 
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Etched  Holes  in  Fotoform®  and  Brass  Substrates 
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Recent  years  have  seen  the  development  of  a  variety  of  techniques  for  the  storage  and  processing  of  optical  data 
streams  in  materials  with  [1-10]  and  without  [11-12]  intrinsic  frequency  selectivity.  These  techniques  are  characterized  by 
very  high  bandwidth  and  relatively  large  time-bandwidth  product.  It  is  known,  that  the  optical  processes  responsible  for  the 
storage  and/or  processing  of  temporal  waveform  data  frequently  also  lead  to  the  storage  of  spatial  waveform  information 
[13,14].  It  has  been  demonstrated,  for  example,  that  sequences  of  images  can  be  stored.  [5,7,8]  An  area  that  is  relatively 
unexplored,  however,  relates  to  the  possible  interactions  between  stored  temporal  and  spatial  information.  We  explore  one 
example  of  how  the  temporal  and  spatial  information  stored  within  a  material  can  interact  and  lead  to  a  novel  functionality, 
i.  e.  the  passive  routing  of  optical  beams  along  one  of  many  possible  temporally  encoded  directions. 

Consider  an  active  material  that  exhibits  inhomogeneous  absorption  line  broadening,  and  assume  that  the 
absorptivity  of  this  material  can  be  modified  in  proportion  to  the  total  energy  fluence  per  unit  volume  and  unit  frequency  to 
which  it  is  exposed.  The  absorption  modification  may  occur  by  any  of  the  mechanisms  that  lead  to  persistent  spectral 
holebuining  [15].  Let  the  material's  spectral  resolution  be  denoted  by  A  and  its  total  bandwidth  by  A  u -  .  Suppose  that 
the  active  material  is  exposed  to  two  successive  optical  programming  beams  of  finite  duration,  (f^  t)  and  t) , 

which  we  denote  according  to  their  temporal  order.  We  assume,  for  simplicity  only,  that  these  beams  are  plane  waves  which 
propagate  in  the  respective  directions  and  .  Thus,  the  electric  field  of  beam  e  (e  =  1 ,2)  can  be  represented  as 

if, 0 (v) exp  [-2  71  /V it  -  dv,  (1) 

where  E^  (v  )  is  the  Fourier  transform  of  beam  e  at  the  origin  (E^  (0,0 ).  The  total  optical  energy  fluence  seen  by  the 
material  as  a  function  of  spatial  and  spectral  position  is  proportional  to 

=  |E,(v)|2  ■-|£’j(v)p  ^{£'j(v)E;(v)exp[-2n;v/’-(4-t,)/e]  fc.c.}.  (2) 

The  interference  terms  at  the  right  of  Eq.  2  contain  detailed  information  on  the  spectral  and  spatial  behavior  of  the  electric 
fields  of  the  two  incident  beams.  In  the  simple  plane  wave  case  considered,  the  interference  terms  consist  of  relatively  simple 
spatial  gratings  distributed  in  a  potentially  complex  fashion  in  frequency  space. 

Suppose  that  material  is  illuminated  after  programming  by  a  plane-wave  data  beam  (beam  3)  of  unit  wavevector 

A  A 

By  virtue  of  the  spatial-spectral  gratings  created  during  programming,  the  material  now  acts  as  a  spatial-spectral 

A 

filter  and  deflects  specific  spatial-spectral  components  of  the  data  beam  in  the  direction  .  Assuming  that  the  total  time 

interval  spanned  by  the  two  programming  beams  is  considerably  shorter  than  A  u  ^  and  that  the  spectral  bandwidths  of  all 
the  beams  are  less  than  An*,  we  can  write  the  temporal  and  spatial  structure  of  the  deflected  beam  as 

E^ir,t)°^  jE^iv)E^i\)E* i\)fss^^ni\it-f4jc)\^  .  (3) 

Equation  (3)  assumes  that  the  intensity  of  the  beams  remains  low  enough  so  that  the  active  material  continues  to  respond 
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linearly.  The  temporal  envelope  of  the  deflected  field  may  also  be  expressed  as  the  convolution  of  the  second  programming 
beam  with  the  cross-correlation  of  the  first  programming  beam  and  the  data  beam.  Since  fi-equency-selective  materials 
fi-equently  have  inhomogeneous  absorption  bandwidths  in  excess  of  1 0  GHz,  the  correlators  and  convolvers  based  on  these 
material  possess  similarly  high  bandwidths.  [6] 

Routing  can  be  accomplished  in  the  following  manner.  In  the  programming  phase,  the  material  is  illuminated  by 
multiple  pairs  of  programming  beams.  The  first  beam  of  each  pair  propagates  in  the  common  direction  and  has  a  umque 
routing  address  encoded  onto  its  temporal  waveform.  The  second  beam  in  each  pair  propagates  in  a  unique  direction  (say 
along  which  correctly  addressed  data  is  to  be  routed.  Temporally,  this  second  programming  beam  consists  of  a  simple 

A  A 

short  pulse.  In  the  routing  phase,  a  continuous  data  stream  is  made  incident  on  the  programmed  material  so  that  • 

Whenever  a  temporal  segment  of  the  data  stream  reproduces  the  address  of  preprogrammed  output  channel  (i),  a  pulse  with 
the  same  temporal  character  as  the  second  programming  pulse  is  deflected  into  the  direction  associated  with  channel  (i),  i. 

e.  kf .  It  follows  that  bits  within  the  data  stream  can  be  routed  into  direction  by  preconvolving  them  with  the  k^ 
address  sequence.  Data  can  be  sent  to  any  of  the  programmed  directions  by  preconvolving  it  with  the  address  corresponding 
to  the  desired  direction. 

A  schematic  depiction  of  the  programming  and  routing  process  are  shown  in  Figure  1 .  In  part  (a),  a  series  of  n  pairs 
of  programming  pulses  are  made  incident  on  a  frequency-selective  router  material  to  write  the  spatial- spectral  gratings 
necessary  for  routing.  In  part  (b),  a  data  stream  having  the  succession  of  addresses  shown  in  the  top  trace  enters  the  router 
along  the  common  programming  direction.  When  the  data  stream  contains  the  address  A(i)  ( i  =  a,b,c),  a  pulse  of  light  is 

generated  in  the  direction  k^  as  shown  in  the  lower  three  traces. 

We  have  used  Eq.  3  to  simulate  the  light  intensity  as  a  function  of  time  deflected  into  the  three  different  output 
directions  shown  in  Fig.  lb  when  using  a  specific  set  of  address  codes  A(a),  A(b),  and  A(c).  The  address  codes,  convolved 
data  stream,  and  output  signal  intensities  are  shown  in  Fig.  2.  The  addresses  used  are  16-bit-long,  random,  binary-phase 
codes.  They  were  used  to  simply  demonstrate  the  routing  effect  and  do  not  represent  the  optimal  address  codes. 
Nevertheless,  crosstalk  between  tlie  output  channels  is  small.  A  variety  of  different  addressing  schemes  are  possible  and 
may  be  in  the  foiin  of  amplitude,  phase,  and  frequency  modulation. 

Up  to  now,  we  have  discussed  implementation  of  the  router  device  using  frequency- selective  active  materials. 
Following  Eq.  2,  it  was  pointed  out  that  the  programming  material  was  recorded  in  the  form  of  spatial-spectral  gratings. 
Owing  to  the  frequency-selectivity  of  volume  holograms,  this  same  information  can  be  stored  in  frequency  insensitive 
holographic  materials,  e.  g.  photorefractives.  The  ability  of  volume  holographic  materials  to  store  temporal  waveform 
information  has  been  noted  and  subjected  to  limited  demonstration. [1 2]  The  frequency- selectivity  available  in  cm-scale 
storage  materials  (on  the  ordei'  of  several  gigahertz)  is,  however,  much  weaker  than  in  the  case  of  the  cryogenic  intrinsically 
frequency-selective  materials  (on  the  order  of  several  kilohertz).  This  means  that  the  address  codes  in  the  data  stream  must 
be  very  brief  (less  than  ^100  psec  total  duration  for  cm-scale  gratings).  This  short  timescale  may,  however,  be  entirely 
consistent  with  relatively  near  term  optical  transmission  capability.  The  advantage  of  volume  holographic  implementation 
is  of  course  the  relative  robustness  and  room  temperature  operation  of  the  active  material. 

In  summary,  we  have  proposed  using  the  frequency  selectivity  of  both  intrinsically  frequency-selective  materials 
and  frequency-insensitive  volume  holographic  materials  to  simultaneously  perform  the  temporal  and  spatial  processing 
required  to  passively  route  appropriately  encoded  data  along  chosen  paths.  The  flexibility  of  the  proposed  router  to  accept 
phase,  amplitude,  and  frequency  encoded  addresses  enables  a  variety  of  implementation  options.  The  high  bandwidth 
capabilities  of  these  frequency-selective  materials  (tens  to  thousands  of  gigahertz)  enables  Ml  utilization  of  the  bandwidth 
capabilities  of  fiber  optics.  We  will  discuss  details  of  this  method.  We  grateMly  acknowledge  support  of  the  Air  Force 
Office  of  Scientific  Research  under  contracts  F49620-92-J-0384  and  F49620-93-1  -05 13. 
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Figure  1 .  Router  Method,  (a)  A  frequency-selective  router  material  is  exposed  to  a  series  of  n  pairs  of  programming 
pulses.  The  programming  pulses  have  the  spatial  orientations  and  temporal  characteristics  shown  in  the  first  and  second 
rows,  respectively,  (b)  A  data  stream  is  incident  on  the  programmed  router  material  and  temporally  addressed  bits  (first 
trace)  are  routed  into  the  three  output  directions  shown.  Light  intensity  scattered  into  the  three  output  directions  is 
shown  schematically  in  the  bottom  three  traces. 

Figure  2.  Simulation  of  router  performance  with  the  data  stream  shown  in  Fig.  1  b  and  the  specific  address  codes  shown 
in  the  top  three  traces.  The  last  four  traces  duplicate  the  corresponding  traces  in  Fig.  lb.  Even  with  the  unoptimized 
address  codes  chosen,  crosstalk  between  the  output  channels  is  quite  small. 
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The  monolithic  integration  of  vertical-cavity  surface-emitting  lasers  (VCSELs)  with 
active  electronic  devices  combines  the  optical  source  array  and  its  driver  circuits  into  a  single  IC 
technology,  which  is  useful  for  parallel  high-speed  optical  interconnects.  Another  motive  for  the 
integration  of  VCSELs  with  high  speed  electronics  is  to  provide  an  optical  switching  network 
with  a  simple  optoelectronic  interface  that  allows  individual  electronic  computer  processors  to 
communicate  with  each  other  through  parallel  optical  channels.  A  dynamically  reconfigurable 
optical  switching  network^'^  can  simultaneously  route  optical  data  between  many  different 
electronic  processors  as  they  perform  parallel  processing  sequences  using  shared  resources. 
Each  switch  of  the  network  must  provide  an  optical  link  to  all  the  other  nodes,  as  well  as  an 
optical  o  electrical  interface  to  an  electronic  processor.  Each  switch  must  thus  perform  both 
the  optical  and  optoelectronic  switching  functions  in  order  to  convert  data  between  various 
combinations  of  electrical  and  optical  input/output  (I/O)  formats. 

We  describe  a  multi-functional  optical/optoelectronic  switch  based  on  the  monolithic 
integration  of  a  novel,  three-terminal  AlGaAs/GaAs  heterojunction  bipolar  phototransistor 
(HBPT)  with  a  vertical-cavity  surface-emitting  laser(VCSEL),  which  can  perform  a  variety  of 
optical  and  optoelectronic  switching  functions.  It  can  transform  either  optical  or  electrical  input 
data  into  an  optical  or  electrical  output  format  at  a  data  rate  of  350  and  500  Mb/s,  respectively.  It 
also  provides  a  convenient  platform  for  combining  electrical  and  optical  input  data  packets  into  a 
common  output  format.  This  flexible  switch  can  be  used  to  construct  a  reconfigurable,  three- 
dimensional  switching  fabric  that  optically  interconnects  electronic  processors  through  parallel 
optical  channels. We  will  describe  its  design  and  performance,  and  experimentally 
demonstrate  its  multiple  switching  functions. 

The  switch  consists  of  a  VCSEL  grown  on  an  n-GaAs  substrate,  above  which  an  HBPT 
with  an  emitter-up  configuration  is  re-grown,  separated  by  electrical  isolation  layers.  Figure  1 
shows  the  layout  and  the  functional  circuit  diagram  of  a  single  three-terminal  HBPT/VCSEL 
switch  in  an  emitter-follower  configuration,  which  can  be  switched  by  either  a  surface-normal 
optical  input  Pj^  or  by  an  electrical  input  Ej^  applied  to  the  base  of  the  HBT,  producing  both  an 
optical  output  Pout  an  electrical  voltage  m^ulation  Eout-  A  dc  bias  is  applied  to  the  base  to 
set  the  operating  current  and  to  pre-bias  the  VCSEL  near  threshold.  In  addition  to  performing 
optical  switching,  each  switch  node  also  provides  an  optoelectronic  interface  to  an  electronic 
processor,  and  can  receive  or  transmit  optical  data  as  well  as  to  perform  O^E  data  conversion. 
In  the  experimental  set-up  shown  in  Fig.  2,  Pjn  produces  an  amplified  collector  current  1^  and  a 
voltage  modulation  Eout-  The  former  (Ic)  modulates  the  VCSEL  to  produce  a  regenerated, 
optically-switched  (0=»0)  output,  which  is  transmitted  to  another  switch  node,  while  the  latter 
(Eout)  represents  optoelectronically-switched  (0=^E)  data,  which  is  sent  to  the  associated 
processor.  Each  processor  can  also  transmit  data  to  another  node  by  modulating  the  base  voltage 
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Bin  (or  base  current  I^)  of  the  HBPT  to  produce  an  amplified  current  and  a  modulated  voltage 
Eout-^  The  former  modulates  a  VCSEL,  whose  optoelctronically-switched  (E^O)  output  is 
transmitted  to  another  switch  node,  while  the  latter  electrically-switched  (E^E)  output  is 
routed  to  another  processor. 

The  multi-functional  switching  characteristics  of  the  HBPTA^CSEL  switch  have  been 
demonstrated  using  the  experimental  setup  shown  in  Fig.  2,  and  the  results  are  summarized  in 
Fig.  3.  The  switching  functions  are  demonstrated  using  different  combinations  of  optical  and 
electrical  input  data  at  200  Mb/s.  Two  different  data  patterns  modulate  the  optical  and  electrical 
inputs  to  the  HPT  during  alternate,  non-overlapping  time  intervals.  The  optical  input  data  is 
incident  on  the  base-collector  junction  of  the  HI^,  while  the  electrical  data  directly  modulates 
the  base  voltage.  The  switch  converts  these  electrical  and  optical  input  data  packets  into 
switched  optical  and  electrical  outputs,  and  combines  them  into  a  single  packetized  data  stream. 
The  first  two  traces  in  Fig.3  show  the  modulated  collector  current  Ig  in  the  presence  of  only  the 
electrical  (trace  1)  or  optical  (trace  2)  input  data,  demonstrating  the  achievement  of  (E=>£)  and 
(0=>E)  switching.  Traces  3  and  4  show  the  modulated  electrical  output  (IJ  and  optical  output 
(Pout)  when  optical  and  electrical  input  data  are  both  present.  Each  trace  contains  replicas  of 
both  the  optical  and  electrical  inputs.  Trace  3  demonstrates  electrical  (E=>E)  switching  and 
optoelectronic  (0=>E)  data  conversion,  while  trace  4  demonstrates  optical  (0=>C>)  switching  and 
optoelectronic  (E:=>0)  data  conversion.  The  conversion  of  either  electrical  or  optical  data  into 
both  optical  and  electrical  formats  has  been  achieved  at  a  data  rate  of  up  to  350  Mb/s  for  optical 
(0=>0)  switching  and  at  >500  Mb/s  for  optoelectronic  (E=>0)  conversion. 

Figure  4  shows  the  small-signal,  (a)  electrical  and  (b)  optical  modulation  response  of  the 
switch  to  a  voltage  modulation  applied  to  the  base.  Figure  4(a)  shows  the  forward  transmission 
coefficient  S21  and  the  current  gain  hai,  which  show  a  unity-gain  bandwidth  of  >500Mhz  and  a 
corresponding  time  constant  of  T=0.32ns.  Figure  4b  shows  the  small-signal  electrical-to-optical 
modulation  response  of  the  switch  for  different  values  of  bias  current !«,  which  is  a  product  of  the 
transconductance  of  the  emitter-follower  circuit  and  the  resonant  light-current  modulation 
response  of  the  VCSEL.  As  the  bias  current  Ic  is  increased,  the  resonance  frequency  increases  and 
the  modulation  bandwidth  saturates  at  »4GHz.  Figure  5  shows  the  eye  diagrams  for  the  large- 
signal  response  of  the  current  L  and  the  optical  output  Po  of  an  HBPT/VCSEL  switch  under 
500Mb/s  pseudorandom  data  modulation.  The  upper  and  lower  traces  represent  the  modulated 
light  output  of  the  VCSEL  (0.35  mW)  and  the  modulated  collector  current  L,  respectively.  The 
modulated  electrical  pulses  have  symmetrical  rising  and  falling  edges,  with  a  10%-90%  transition 
time  (~2.2x)  of  0.6ns.  The  modulated  optical  output  has  a  rise  time  of  0.6ns  and  a  longer  fall  time 
of  0.8ns.  The  wide-open  eye  pattern  suggests  that  modulation  at  a  higher  data  rate  is  possible. 
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FIG.  1.  (a)  Layout,  and  (b)  circuit  of 
monolithic  HPT/VC5EL  switch,  which 
has  both  optical  and  electrical  Inputs 
and  outputs. 
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FIG.  2.  Experimental  set-up  for  the  demonstration  of 
optical  and  optoelectronic  switching  and  data  conver¬ 
sion  using  a  monolithic  HPT/VCSEL  switch. 
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Fig.  3.  Experimental  demonstration  of  the  switching 
and  multiplexing  of  input  electrical  and  optical  data 
packets,  and  their  conversion  into  a  single  optical  or 
electrical  output  data  stream  at  200  Mb/s. 


Fig.  5.  Eye  diagrams  showing  the  modulated  optical 
and  electrical  response  of  the  HPT/VCSEL  switch 
under  large-signal,  pseudorandom  data  modulation  at 
500  Mb/s. 
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High-Speed  2-D  CMOS  Designs  of  Bypass-and-Exchange  Switch 
Arrays  for  Free-Space  Optoelectronic  MINs 

Osman  Kibar,  Philippe  J.  Marchand,  and  Sadik  C.  Esener 
University  of  California,  San  Diego 
Department  of  Electrical  and  Computer  Engineering 
La  Jolla,  California  92093-0407 

In  a  free-space  optoelectronic  multistage  interconnection  network,  electronic  bypass-and- 
exchange  switches  are  required  to  do  the  local  routing.  It  has  been  shown  that  for  a  MIN  with  N 
inputs  and  outputs,  the  bandwidth  and  the  power  consumption  are  optimized  if  the  electronic 

switch  planes  are  partitioned  into  ^^N  switches  [1].  Thus,  each  switch  has  ^/n  inputs  and  ^fN 

outputs  and  is  defined  as  ^[N  x^^N  switch.  Two  separate  circuits,  that  use  an  optimized  2-D  layout 
and  are  compatible  with  the  Optical  Transpose  Interconnection  System  (OTIS)  have  been  designed 
and  analyzed.  The  first  desi^  (design  A)  was  used  as  a  proof  of  concept  for  the  optimized  2-D 
layout,  the  second  design  (design  B)  is  a  bi-directional  self-routing  concept  that  uses  3  level  logic. 

In  both  cases,  the  building  block  for  a  fully  connected  switch  (-/Iv  inputs  to  ^fN  outputs) 
is  a  half-switch,  which  can  route  one  of  two  input  channels  to  a  single  output  channel.  This 
enables  the  half-switch  to  detect  contention  if  necessary,  compared  to  routing  a  single  input  channel 
to  one  of  two  output  channels.  Half-switches  are  paired  to  provide  the  equivalent  fonctionality  of  a 

2x2  bypass-and-exchange  switch.  A  fully  connected  switch  with  ^^N  inputs  and  4^  outputs 

requires  (#half- switches  in  a  stage  x  #stages)  =  4n  x  log(V^ )  half-switches.  For  example,  a 
16x16  switch  requires  log(16)xl6=64  half-switches.  To  build  the  fully  connected  switch,  the  half¬ 
switches  are  connected  together  following  a  shuffle  topology,  as  illustrated  in  Figure  1.  To 
achieve  the  2-D  layout,  same  numbered  half- switches  in  each  stage  of  the  shuffle  are  grouped 
together,  with  each  half-switch  having  the  same  number  and  length  of  global  wires  connected  to  it. 
The  2-D  layout  of  a  16x16  switch  and  its  equivalence  to  the  shuffle  topology  is  given  in  Figure  2 
[2]. 

Such  a  switch  implementation  has  several  advantages,  independent  of  the  actual  design  of 
the  half-switch.  The  operation  is  bi-directional  with  the  direction  determined  by  an  external  control 
signal.  Thus,  each  triangular  symbol  on  the  2-D  layout  (Figure  2)  represents  a  modulator/detector 
pair.  High  speed  performance  can  be  achieved  (i.e.  up  to  250Mbits/s)  due  to  the  highly  pipelined 
structure  of  the  switches.  Performance  is  only  limited  by  the  propagation  delay  of  a  single  half¬ 
switch.  The  switch  is  scalable  both  in  terms  of  speed  and  global  wiring  complexity.  As  the 

number  of  inputs  (4n  )  to  the  switch  increases,  the  number  of  half- switches  ( x  log(V^ ) 
increases  even  faster.  However,  due  to  its  pipelined  stmcture,  the  speed  of  the  overall  switch  stays 
constant.  In  addition  to  these  advantages  in  terms  of  performance,  the  design  is  modular  so  that 
various  half-switch  designs  can  be  utilized  to  build  a  fully  connected  switch. 

Design  A  demonstrates  the  full  connectivity,  scalability,  and  high  speed  performance  of  the 
2-D  design.  This  is  important  since  the  overall  optoelectronic  system  is  often  limited,  in  terms  of 
speed,  by  the  electronic  switches.  Each  half-switch  has  one  direction  (dir),  one  control  (c),  and 
four  I/O  (x0,xl,y0,yl)  signals.  The  direction  and  control  bits  are  fed  externally.  The  direction  bit 
determines  which  one  of  the  two  I/O  signals  are  the  inputs,  and  which  one  is  the  output  (for 
example,  dir=l  — >  xO,  xl  are  the  inputs,  yO  is  the  output,  and  yl  is  floating).  The  control  bit 
determines  which  input  will  be  routed  to  the  output  (for  example,  c=0  — >  xO  is  routed  to  yO,  c=l  — 
>  xl  is  routed  to  yO,  and  yl  is  idle  in  both  cases).  T^e  complete  truth  table  and  the  block  diagram 
of  the  half-switch  is  provided  in  Figure  3.  Every  half-switch  in  the  same  stage  gets  the  same 
control  bit  In  this  test  design,  the  total  number  of  independent  control  bits  is  only  four  in  a  16x16 
switch  so  we  can  only  control  the  output  destination  of  one  of  the  inputs.  The  other  15  inputs  are 
mapped  in  a  one-to-one  fashion  to  the  remaining  15  outputs.  The  control  bit  at  every  stage  is 
delayed  by  the  total  propagation  delay  of  the  previous  stages.  Thus,  for  an  individual  half-switch, 
the  data  bit  and  the  control  bit  arrive  at  the  same  time.  Thus,  the  throughput  of  the  half-switch  and 
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that  of  the  whole  switch  is  only  limited  by  the  actual  delay  of  a  single  half-switch,  independent  of 
the  number  of  the  switch  size.  The  necessary  control  bits  to  map  a  given  input  to  a  given  output 
are  determined  as  follows:  a  bitwise  XOR  is  performed  between  the  input  and  the  output 
addresses.  Then,  to  match  the  2-D  layout  requirements,  a  cyclic  shift  to  the  right  is  performed  on 
the  result. 

For  a  2.0|J.m  CMOS  technology,  a  half-switch  was  implemented  with  24  transistors, 

occupying  an  area  of  about  (170x100)  |J.m^.  Every  four  half-switches  occupy,  including  their 

share  of  the  global  wires,  and  the  input/output  pads,  about  (440x250)iim2.  The  propagation  delay 
of  a  single  half-switch  was  4ns,  including  a  Ins  rise/fall  time,  and  a  3ns  stable  penod,  giving  the 
whole  switch  a  speed  of  250Mbits/s.  Based  on  the  parameters  of  our  test  chip,  the  total  power 

consumption  per  switch-plane  (i.e.  ^fN  switches  with  a  total  of  N  PEs)  is  given  as: 

/>  =  Va^/|  8.25V?^(^lvi-l];ip(c  =  l)p(4)  +^^N\og^^N  (2.47A"  +  0.15A)-^  +  (4.02A"  +  0.24A)p(d) 

where  f  is  the  operating  frequency  in  MHz,  X  is  the  technology  parameter  in  p.m,  p(c=l)  is  the 
probability  of  the  control  bit  being  1,  p(d)  is  the  probability  of  the  data  bit  switching,  p(c)  is  the 
probability  of  the  control  bit  switching,  and  d  is  the  number  of  bits  per  data  set.  As  an  example, 

for  N=256,  ^fN  =16,  f=100MHz,  ?i=l  |im  for  2  |J,m  CMOS  technology,  and  d=16,  Paverage  = 


0.39W,  and  Pworst  case  =  1-07W.  ,  .  „ 

Design  B  is  a  scaled-up  version  of  Design  A,  in  the  sense  that  it  allows  self-routing.  Ihe 
additional  signals  are  defined  in  Figure  5.  The  switch  works  as  follows:  each  data  packet  is 
preceded  by  a  header,  which  contains  the  address  of  its  output  destination.  Each  half-switch 
receives  an  external  signal  (the  transmission  signal,  t)  at  the  right  time  to  know  that  the  incommg 
two  inputs  are  the  control  bits*  If  both  sets  of  data  want  to  use  the  same  output  channel  of  that 
half-switch,  one  of  them  is  dropped  in  a  deterministic  way,  and  the  other  one  is  routed  on,  just  like 
design  A  (cO  and  cl  are  computed  as  shown  in  Figure  6a).  While  the  transmitted  packet 
propagates  forward,  a  signal  (contention  bit,  s,  which  corresponds  to  the  dropped 
propagating  in  the  opposite  direction,  tracing  back  the  path  that  the  dropped  packet  had  followed 
until  that  point,  and  tells  the  input  buffer  to  resend  the  same  data  packet.  If  neither  packet  wants  to 
use  that  output  channel  (i.e.  both  of  them  want  to  use  the  output  channel  of  its  partner  half-swtc  ), 
then  the  output  is  set  to  an  intermediate  voltage  of  about  2-3  V  (i.e.  the  third  logic  level)  during  the 
following  cycle  (schematics  in  Figure  6b).  During  this  cycle,  the  next  stage  computes  its  own 
control  bits.  If  it  sees  2-3V  as  one  of  the  inputs,  it  sets  its  control  bit  to  route  the  other  input 
channel.  The  third  logic  level  eliminates  the  necessity  of  an  extra  global  connection  between  each 
stage,  improving  the  speed  performance  and  the  power  consumption  of  the  switch. 

Design  B  has  the  advantage  of  self-routing  capability,  where  the  control  bits  are  detennined 
from  the  content  of  the  header  of  the  data  packet  that  needs  to  be  transmitted.  Each  data  packet  is 
allowed  to  have  its  independent  output  destination,  which  naturally  lends  itself  to  contention. 
However,  the  switch  is  designed  so  that  it  can  detect  contention,  and  can  resend  a  dropped  data 
packet  so  that  any  loss  of  information  is  avoided.  At  this  point,  a  16x16  switch  with  de^gn  A  has 
been  fabricated  in  order  to  prove  the  feasibility  of  the  2-D  layout  and  its  high-speed  performance. 
Within  the  next  three  months,  test  structures  for  design  B  (i.e.  contention  detection,  md  the  three- 
level  logic)  will  be  fabricated,  and  the  test  results  will  be  reported  for  both  switch  designs. 
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Figure  1 :  Block  diagram  of  a  16x16  switch 
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Gigabit  per  second  switching  of  smart  pixel  receiver-transmitter  pairs 
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AT&T  Bell  Laboratories,  Murray  Hill,  NJ  07974 
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Department  of  Chemistry  and  Solid  State  Institute,  Technion,  Haifa,  Israel 


Smart  pixels  are  opto-electronic  circuits  with 
optical  input/output  and  electronic  logic  circuits 
for  complex  functionality  [1].  Arrays  of  smart 
pixels  can  control  two  dimensional  arrays  of 
light  beams  in  high  speed,  high  throughput  free 
space  photonic  switching  systems  [2],  An 
example  are  the  4x4  arrays  of  2x1  embedded 
control  routing  nodes,  based  on  GaAs/AlGaAs 
field-effect-transistor  self-electrooptic-effect 
device  (FET-SEED)  technology  [3],  recently 
used  in  a  five  stage  switching  system  [4], 
Although  this  system  was  operated  at 
155Mbit/s  only,  the  speeds  of  smart  pixels  can 
be  made  much  higher.  One  way  to  achieve 
increased  speeds  is  by  addition  of  gain  stages 
and  the  use  of  larger  FETs.  However,  this 
makes  the  receivers  and  transmitters  larger  and 
more  dissipative.  Another  way  to  increase  the 
switching  speed  is  to  use  short  pulses  as  optical 
inputs,  which,  according  to  theory  [5], 
considerably  reduces  the  switching  time  of  the 
receivers.  Simple  receivers  have,  indeed,  been 
demonstrated  to  operate  up  to  1  Gbit/s  [6],  but 
receiver-transmitter  pairs  could  only  operate  up 
to  650Mbit/s  [7].  The  speed  of  the  pair  was 
limited  by  the  performance  of  the  transmitter 
used,  which  consisted  of  a  FET  inverter  driving 
the  common  node  of  two  modulators  connected 
in  series.  One  can  make  a  faster  transmitter  by 
eliminating  the  load  FET  and  one  of  the 
modulators,  thus  reducing  the  capacitance  and 
increasing  the  effective  charging  current  of  the 
modulator.  With  such  a  transmitter,  and  the  use 
of  mode-locked  pulses  in  the  AROEBICS 
(Asynchronous  Reset  On  Every  Bit  for  Input 
Contentionless  Switching)  method  [8],  200ps 
switching  times  were  recently  obtained  [9,10]. 
This  result  indicated  that  smart  pixels 
containing  this  transmitter  should  be  capable  of 
operating  in  the  GHz  range.  In  the  present 


work  we  use  trains  of  mode-locked  laser  pulses 
separated  by  Ins  to  demonstrate  the  IGHz 
operation  of  a  receiver-transmitter  pair. 

For  this  first  demonstration  we  used  the 
simplest  receiver-transmitter  pair  which  can  be 
operated  by  the  AROEBICS  procedure,  the 
Pulsed  OptoElectronic  Toggle  (POET)  circuit, 
described  in  Fig.  1(a).  Its  fabrication  was 
described  in  earlier  work  [11].  The  receiver 
consists  of  two  reverse-biased  GaAs/AlGaAs 


(a) 

Reset  Set 


(b) 

110  0 


Fig.l.  (a)  POET  circuit  schematic,  (b)  Input  and 
output  pulse  sequence. 
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quantum  well  detector  diodes.  Set  and  Reset, 
onto  which  the  two  input  beams  are  incident. 
The  transmitter  consists  of  the  Read  quantum 
well  modulator  diode,  reverse  biased  through  a 
FET,  whose  gate  is  controlled  by  the  receivers. 
The  output  beam  is  reflected  off  the  Read 
diode,  which  is  operated  at  a  wavelength  at 
which  it  acts  as  a  "normally  ON"  modulator;  its 
reflectivity  is  high  when  the  voltage  drop  on  it 
is  zero. 

The  pulsed  operation  of  the  POET  circuit  was 
discussed  in  detail  in  [9,10]  and  is 
schematically  described  in  Fig.  1(b).  The  pulse 
sequence  shown  here  illustrates  the  essence  of 
the  AROEBICS  method,  in  which  the  input  and 
output  pulses  arrive  at  different  times.  The 
input  Set  and  Reset  pulses  control  the  gate 
voltage  Vgate,  thus  the  state  of  the  FET.  The 
Read  pulse,  reflected  off  the  Read  modulator, 
generates  the  output  signal  at  the  detector.  A 
high  Set  or  a  "1"  produces  an  increase  in  Vggte, 
which  makes  the  FET  conducting.  As  a  result, 
the  voltage  drop  on  the  output  Read  diode 
Vread  increases,  the  quantum  well  modulator 
becomes  absorbing  and  its  reflectivity 
decreases:  it  is  being  turned  "OFF".  Thus  a 
LEGEND 


high  Set  or  a  ”1 "  input  produces  a  low  Read  or 
a  "0"  output,  and  vice  versa.  This  output  is 
"read"  by  the  Read  beam,  which  arrives  later. 
In  addition  to  being  reflected  off  the  Read  diode 
and  generating  the  output  signal  at  time  1,  the 
Read  pulse  also  produces  the  photocurrent 
necessary  to  discharge  the  Read  diode  and 
return  it  to  its  original  state.  In  order  to  also 
bring  the  FET  back  to  its  original  state,  ready 
for  the  next  data  carrying  Set  pulse,  a  constant 
intensity  Reset  pulse  follows  every  Set  pulse. 
As  illustrated  in  Fig.  1(b),  the  Reset  pulse  must 
arrive  before  the  Read  pulse,  because  the  FET 
must  be  insulating  for  the  Read  diode  to  be 
discharged.  This  will  not,  however,  affect  the 
accuracy  of  the  output;  the  Read  pulse  first 
"reads"  the  state,  and  then  changes  it. 

This  method  thus  allows  modulation  of  the 
output  with  digital  data  encoded  in  the  Set 
pulses  alone,  with  interleaved  constant 
amplitude  Reset  pulse.  From  our  previous  work 
on  the  pulsed  operation  of  the  POET  circuit 
[9,10]  we  know  that  the  switching  times  can  be 
made  as  short  as  200ps  for  the  slowest  of  the 
transitions,  the  switching  OFF,  and  shorter  than 
that  for  the  switching  ON.  This  indicates  that  a 


^  Mirror 
<=>1/2  wave  plate 
<=■  1 /4  wave  plate 
®  Btock 

gj  PBS 
□  50/50  BS 


PULSE 

SEQUENCE 


'  D  . 

'S  ih 

2  ^  , 

n  ‘h 

3 

n  S 

0X0  0X0  xxo  xxo 

^  Jlflflfl  fflllfl 

Fig.2.  Split  and  delay  scheme  used  to  produce  a  train  of  four  pulses  Ins  apart  (beam  3)  from  each 
pulse  generated  by  the  mode-locked  Ti;sapphire  laser  (beam  1).  Each  of  the  four  pulses  is  fiiither 
split  into  three:  Set,  Reset  and  Read  (beam  4). 
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data  pattern  at  IGHz  can  be  transmitted. 

In  order  to  generate  the  optical  inputs  and 
outputs,  we  use  1.5ps  pulses  from  a 
commercial  mode-locked  Ti:sapphire  laser, 
whose  repetition  rate  is  82MHz.  By  means  of  a 
split-and-delay  technique,  a  train  of  four  pulses 
Ins  apart  is  generated  for  every  pulse  emitted 
by  the  laser,  simulating  a  IGHz  rate  (Fig.2). 
Each  of  the  four  pulses  is  subsequently  split 
into  three  beams;  the  Set,  followed  by  the  Reset 
300ps  later,  and  by  the  Read,  700ps  later.  They 
are  then  focused  to  3um  spots  and  incident  on 
the  lOum  x  lOum  windows  of  their  respective 
diodes.  The  reflected  Read  is  detected  with  an 
amplified  fast  detector,  and  the  detected  signal 
is  accumulated  and  averaged  with  a  digital 
scope. 

An  input  pattern  can  be  created  by  exploiting 
the  fact  that  the  different  pulses  have  different 
polarizations  (the  device  is  polarization 
independent).  Note  that  the  first  two  Set  pulses 
have  polarizations  which  are  orthogonal  to  the 
last  two.  Therefore,  by  using  a  polarizer,  one 
can  either  allow  the  first  two  Set  pulses  to 
arrive  to  the  sample,  to  generate  the  1100 
pattern,  or  the  last  two,  generating  the  0011 
pattern.  Without  a  polarizer,  all  four  pulses 
arrive  to  the  sample,  which  corresponds  to  the 
1111  pattern.  The  0000  pattern  corresponds  to 
the  absence  of  the  Set  beam.  All  four  Reset  and 
Read  beams  must  be  present  for  all  the  above 
patterns. 
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Fig.  3.  Measured  output  patterns,  for  following 
input  patterns:  (a)  0000  (b)  1111  (c)  1100. 


An  example  of  the  transmitted  patterns  is 
shown  in  Fig.3:  (a)  corresponds  to  an  input 
pattern  of  0000,  (b)  to  1111,  and  (c)  to  1100. 
Note  that  the  output  is  complementary  to  the 
input.  Note  also  the  excellent  contrast  ratio, 
which  was  obtained  because  we  used  Fabry- 
Perot  modulators  [9].  The  operating  wavelength 
was  862nm,  chosen  such  as  to  correspond  to 
the  reflection  minimum  at  Vo=8.3V.  The  pulse 
energies  were  2000  for  the  Set,  and  IpJ  for  the 
Reset  and  Read,  consistent  with  those  reported 
previously  [9,10].  More  experiments  are  being 
carried  out  on  various  receiver  transmitter- 
pairs,  with  more  sophisticated  receivers  for 
lower  switching  energies. 

We  wish  to  thank  L.A.  D'Asaro,  S.  Hui  and  B. 
Tseng  for  fabrication  of  the  smart  pixels,  and  to 
R.  Leibenguth,  for  growth  of  the  GaAs/AlGaAs 
structure. 
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I.  Introduction 

Wavelength  tunable  lasers  are  required  in  the  wavelength-division-multiplexed  (WDM) 
photonic  switching  networks.  Over  the  past  several  years,  both  continuously  [1]  and  discontinu- 
ously  [2-4]  tunable  lasers  have  been  intensively  studied.  The  latter  ones  are  more  feasible  when 
over  20  nm  tuning  ranges  are  demanded. 

Recently,  Amann  and  coworkers  proposed  the  distributed  forward  coupled  (DFC)  laser 
[5]  that  is  able  to  provide  wide  range  discontinuous  tuning.  It  is  based  on  the  codirectional  mode 
coupling  along  the  laser  cavity  in  a  twin-guide  structure.  One  of  its  main  advantages  is  an  un¬ 
ambiguous  and  simple  wavelength  tuning  which  is  achieved  by  only  one  control  current. 

In  this  paper,  we  propose  another  type  of  discontinuously-tunable  lasers,  that  is,  dis¬ 
tributed  forward-  and  backward-coupling  (DFBC)  laser.  Here,  the  main  mode  is  selected  out  of 
distributed  feedback  (DFB)  modes  rather  than  the  Fabry-Perot  modes  in  DFC  lasers.  Therefore, 
larger  side  mode  suppression  ratio  (SMSR)  as  well  as  wide  range  tuning  of  the  discontinuously- 
tunable  lasers  are  expected. 

II.  Device  Structure 

Figure  1  shows  a  schematic  longitudinal  cross  section  of  the  DFBC  laser,  which  is  basi¬ 
cally  a  DFB  laser  diode  incorporated  with  a  sampled  Bragg  grating  above  the  active  layer  and  a 
codirectionally-coupled  waveguide  layer  below  the  active  layer.  The  whole  waveguide  is  de¬ 
signed  so  as  to  hold  the  fundamental  (odd)  and  second-order  (even)  transverse  eigen  modes. 

When  the  light  propagates  across  the  border  between  the  sections  with  and  without  the 
grating,  the  forward  coupling  occurs  among  the  odd  and  even  transverse  modes  in  both  sections. 
The  coupling  coefficient  should  be  designed  to  be  relatively  large  so  that  the  light  (the  sum  of 
the  odd  and  even  modes)  may  propagate  zigzag  with  a  short  period  between  the  two  layers. 

If  the  coupling  period  corresponding  to  a  certain  wavelength  is  equivalent  to  the  sampling 
interval  of  the  grating,  the  light  is  fed  back  most  by  the  grating.  This  coupling  period  is  very 
sensitive  to  change  in  the  refractive  index  of  the  codirectional  waveguide  layer  that  can  be  in¬ 
duced  by  current  injection  into  that  layer.  Small  index  change  can  give  rise  to  a  large  change  in 
the  wavelength  selected  by  the  codirectional  coupling  and  the  sampled  grating. 

Actually,  the  above  tunable  filtering  mechanism  picks  up  one  lasing  mode  out  of  a  series 
of  DFB  modes  produced  by  the  grating  sampling.  The  "channel"  interval,  i.e.,  the  DFB  mode 
spacing,  is  controllable  through  the  sampling  interval  of  the  grating. 

III.  Theory 

We  introduce  envelope  complex  amplitudes,  R's,  as  functions  of  z-coordinate  along  the 
laser  cavity,  which  are  related  to  the  complex  electrical  field  amplitudes,  Fs,  as 

E\x,y,z)  =  -f-  R^(2)(p^{x,y)e^^^^‘  (1). 

Here,  the  superscripts  +  and  -  indicate  forward  and  backward  waves,  91  and  92  are  the  transverse 
eigen  modes  of  the  waveguide,  and  the  subscripts  1  and  2  denotes  the  odd  and  even  modes,  re¬ 
spectively.  pi  and  P2  are  the  propagation  constants  of  the  modes  1  and  2. 
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A  4  X  4  F-matrix,  F,  for  the  grating  and  nongrating  section  pair  from  z=zk  to  z=zk+i  in 
Fig.  1  relates  R's  at  both  ends  by  Eq.  2,  and  F  itself  is  expressed  by  Eq.  3: 

A'(Z;k+l) 

^2  (^ik+1 ) 

Symbols  "g"  and  "n"  denote  the  sections  with  and  without  grating,  respectively.  Tgn  and  Tng  are 
the  transfer  matrices  at  the  section  border,  and  Fg  and  Fn  are  the  F-matrices  for  each  section. 
They  are  explicitly  written  as 

0  ^21  ^ 

0  0  0,2 

0,2  0  022  0 

^  0  O2,  0  O22 

where  Ojj  is  the  expansion  coefficient  from  Ref.  6.  Fig  and  F2g  are  the  DFB  2x2  F-matrices  [7] 
of  the  modes  1  and  2.  Tng  and  Fn  can  be  expressed  in  similar  forms. 

Like  the  ordinary  lasers  [7],  the  resonance  condition  is  satisfied  when  the  absolute  value 
of  the  complex  round  trip  gain  becomes  1  and  its  phase  becomes  0.  The  round  trip  gain  can  be 
calculated  by  making  use  of  the  above  F-matrix  for  the  grating-nongrating  pair. 

IV.  Simulation 

Simulation  has  been  carried  out  around  1.55  pm  wavelength.  Assumed  thickness  of  each 
layer  is  shown  in  Fig.l.  The  refractive  index  of  the  active  layer,  ^active,  is  fixed  at  3.41  whereas 
the  refractive  index  of  the  codirectional  tuning  waveguide,  Wguide.  is  taken  as  a  variable  parame¬ 
ter.  It  is  varied  from  3.380  to  3.386  in  this  calculation.  This  index  variation  is  obtainable  through 
carrier  injection  into  the  tuning  waveguide. 

The  distributed  feedback  here  is  assumed  to  be  of  pure  gain  coupling  [8]  with  a  coupling 
coefficient  of  20  cm'^  for  mode  1  and  40cm-l  for  mode  2.  The  length  of  the  grating  section  is 
12.8  pm,  and  that  of  the  nongrating  section  is  101  pm.  Therefore,  the  sampling  interval  of  the 
grating  is  113.8  pm,  and  its  duty  cycle  is  11.2  %.  We  assume  antireflection  (AR)-coated  devices 
with  cavity  length  of  1365.6  pm  (twelve  periods  of  the  grating-nongrating  pair). 

Figures  2  (a)  and  (b)  show  calculated  amplitudes  of  the  round  trip  gain  versus  wavelength 
at  two  different  refractive  index  values  of  the  tuning  waveguide.  The  spikes  in  these  figures  cor¬ 
respond  to  sampled  DFB  modes.  The  envelope  on  the  spikes  is  mainly  due  to  the  codirectional 
forward  coupling  effect.  The  modes  with  the  largest  round  trip  gain  in  these  figures  are  to  be¬ 
come  lasing  modes.  Since  the  envelope  moves  very  fast  with  the  index  change,  a  wide  range 
tuning  is  possible. 

Figure  3  illustrates  simulated  tuning  characteristics  of  lasing  wavelength  at  threshold. 
Although  the  refractive  index  change  in  the  codirectional  tuning  waveguide  is  small  (0.006),  tun¬ 
ing  range  as  large  as  40  nm  is  achieved  in  the  figure. 

V. Summary 

In  summary,  we  have  described  a  new  tunable  laser  diode,  i.e.,  the  distributed  forward- 
and  backward-coupling  (DFBC)  laser.  This  laser  is  characterized  by  a  codirectional  forward 
coupling  between  two  parallel  waveguides  together  with  a  backward  distributed  Bragg  feedback 
due  to  sampled  grating.  It  would  provide  a  wide  tuning  range  (over  40  nm,  for  example)  as  well 
as  larger  SMSR  in  principle  compared  with  the  other  types  of  discontinuously-tunable  laser 
diodes.  Simple  one  current  tuning  scheme  is  another  advantage  of  the  DFBC  laser.  Either  gain  or 
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index  coupling,  or  a  combination  of  these,  may  be  used  with  the  DFBC  laser.  However,  the  gain 
coupling  is  preferable  as  it  could  lead  to  larger  SMSR. 
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supported  by  the  Mombusho  Grant-in- Aid  #06044060.  The  work  of  Y.  Nakano  was  also  sup¬ 
ported  by  Murata  Science  Foundation. 
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Fig.l  Schematic  longitudinal  cross  section  of  the  distributed 
forward-  and  backward-coupling  (DFBC)  laser. 
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FigJ  An  example  of  simulated  wavelength  tuning  charac¬ 
teristics  of  the  DFBC  laser  showing  a  tuning  range  over  40 
nm  around  1.55  |im. 
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Fig.2  Dependence  of  round  trip  gain  on  wavelength 
in  the  DFBC  laser  with  refractive  index  of  the 
tuning  layer  being  3.381  (a)  and  3.385  (b). 
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